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ABSTRACT

An evaluation of six different multiple body ship motion
predietion codes, MVS-CSC, MVTDS, AQWA, ShipMo3D, AEGIR, and
LAMP-MULTI, was performed by the Naval Surface Warfare Center,
Carderock Division (NSWCCD). Each of the eodes in this evaluation was
chosen based on its aceessibility to the Navy or its use by US regulatory
ageneies. The evaluation was performed in two parts. The first part
compared the eapabilities of each code against a matrix of capabilities that
were important for predieting the usefulness of a base at sea to transfer
military equipment and personnel from a larger to smaller vessel.
Results of this evaluation show that all the codes have the same
capabilities for estimating the environment, caleulating the motions of the
ships in any configuration with respeet to each other, and accounting for
the hydrodynamic effects between the hulls. The major differences in the
capabilities of the codes were in the non-hydrodynamie factors and in the
degree of complexity used to model the hydrodynamic factors. AEGIR,
LAMP-MULTI, and AQWA allow for user supplied force routines in the
time domain and AQWA, LAMP-MULTI and MVS inelude some built-in
models for mooring lines and fenders. Also, the autopilot feature for
multiple ships was available only in the MVS and LAMP-MULTI codes.

The seeond part of the evaluation eorrelated two-ship model data
from a test performed at the Maritime Research Institute Netherlands
(MARIN) with the output from each of the codes. This correlation of the
codes yielded differing results. Overall all codes predicted heave and
pitch motions within 10% of the model test results exeept for the CSC
MultiVessel Simulator (MVS) and the D&P MultiVessel Time Domain
Simulator (MVTDS) whieh was 30% off of the model tests. For surge and
sway forees and roll and yaw moments LAMP-MULTI and AEGIR were
20% different from the model test, AQWA was 35%, the MVS code from
CSC and the MVTDS from D&P were 60 to 75 pereent different. and the
ShipMo3D was 160% different. The phase correlation yielded similar
results for piteh and heave, but was more uniform for the forces and
moments, resulting in 20 to 25 pereent difference.

ADMINISTRATIVE INFORMATION

This work was performed by the Seakeeping Division (Code 5500) of the
Hydromechanies Department at the Naval Surface Warfare Center, Carderoek Division
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1445, and NOOO1408WX21041 by the Office of Naval Researeh Code 331. The work
was performed under NSWCCD Work Unit Numbers 05-1-5500-719, 06-1-5500-734,
07-1-5500-760, 07-1-5500-761, and 08-1-5500-779.




INTRODUCTION

The US Navy is preparing for a scenario in which a conflict area is not near a full
service port for the logistic delivery of military equipment and personnel. The port that
may be available near the conflict, could be one that is classified as ‘austere’ as it would
allow only smaller vessels and have few aids to navigation. Military cargo is generally
transported by Large Mcdium Speed Roll-on Roll-off (LMSR) ships. Establishing an
offshore seabase with multiple ships in close proximity would allow the transfer of
military equipment and personnel from the LMSR to a smaller one. This smallcr ship
could then navigate the austcre port and thus mitigate this logistics problem. It is planned
that this seabase could be formed as far as 100 nautical miles from the shore. At this
distance, the seabase could cncounter a wide variety of seaways. It is anticipated that the
seabase would only be set up and operational if the sea conditions were at or lower than
Sea State 4.

When two ships are in close proximity in a seaway, as in an operational seabase
configuration, complex hydrodynamic interactions take place. Large wave induced
motions of each of the ships could diminish its functionality. The motions of a widc
variety of ships in close proximity can be predicted using multiple-ship motion
simulation codes. There are many multiple-ship motion prediction codes available to use.
The Office of Naval Research (ONR) sponsored an investigation by NSWCCD to
evaluate the capabilities of the various codes and the accuracy of their motions
predictions.

Each of the computer simulation codes that were included in this evaluation wcre
chosen bascd on either thcir availability to be used by NSWCCD, or if the code is being
used by a regulating agency such as the American Bureau of Shipping (ABS). The final
set of six codes included the MultiVessel Simulator (MVS) written by Computer
Sciences Corporation (CSC)' ", the Multiple Vessel Time Domain Simulator (MVTDS)
written by British Maritimc Technology Designers and Planners (BMT D&P)’, Large
Amplitude Motion Program (LAMP) for multiple ships or LAMP-MULTI by Sciencc
Applications International Corporation (SAIC)’, AEGIR developed initially at the
Massachusetts Institute of Technology (MIT) and now supported by Flight Safety
Technologies®, AQWA developed by ANSYS Inc.”, and ShipMo3D developed by
Defence Research and Development Canada (DRDC) Atlantic’. Two additional codes,
WAMIT® developed at MIT and marketed by WAMIT Inc., and FD-Waveload from
MARTEC Ltd’ were also examined but not formally included in the evaluation.

The evaluation of these codes was performed in two parts. First, a matrix of
capabilities was cstablished that represented the required functions that any simulation
code should have for evaluating the motions of the ships composing a seabase. The
documentation for each of the codes was then reviewed to determine if the capabilitics
listed in the matrix were addressed. The sccond part of the evaluation determined thc
veracity of the predicted motions of each code. This was conducted by running each
code for eight conditions that were part of an overall model test matrix of two ships in
close proximity. The results of the predictions of the codes were then comparcd to the

" References are located on page 189.
¥ McTaggart, K., “ShipMo3D Version 1.0 User Manual for Frequency Domain Seakeeping Predictions for
Two Ships in a Seaway,” unpublished manuscript Defence R&D Canada, Atlantic.



model test results. This report documents the procedurc of the evaluation and provides
the results. As is the ease with many computational tools, the codes evaluated in this
effort are eonstantly being revised and improved by their developers. This evaluation,
therefore, only includes the versions of each of these codes as they were on | January
2008.

MATRIX OF CODE CAPABILITIES

The task of evaluating each of the multiple ship motion prediction codes to assess
their respective capabilities was twofold. First, a matrix of core required eapabilities tor
determining the funetionality of the seabase in a prevailing seaway had to be established.
then, second, determine if each of the codes addressed those capabilities. The capabilities
were broken down into four major categories; environment, seabase configuration,
hydrodynamic factors and non-hydrodynamic factors.

The first major eategory of capabilities was the representation of the environment,
specifically waves, wind, current and water depth, and how it was modcled in cach of the
codes. Thc waves should be represented in both irregular spectral format and regular
sinusoidal form. These two environmental factors, regular and irregular representations of
thc seaway, are the most important factors the codes should be able to accommodate.

The irregular wavcs should be able to be represented as Bretsehneider, JONSWAP and
Ochi-Hubble bimodal speetra. The ability to model the forces from wind and current,
accounting for both their speed and direetion, is also desirable, but it is of secondary
importanee. Finally, since the seabase eould be loeated eloser than 100 nautical miles to
shore, the computational model ship motion caleulations should be able to handle eases in
finite depth water. This capability, too, is of secondary importance.

The next major eategory was the configuration of the seabase of which there were
four elements considered. First, each code should be able to predict thc motions of at
least two ships, and possibly more, in ¢lose proximity. Second, thc motion predietion
code should be able to accommodate a variety of ships of different hull gcometries
including multi-hulled vessels, Surface Effect Ships (SES), and Air Cushion Vehicles
(ACV). Third, the codes should model motion eontrol systems such as active fins and
rudder roll stabilization. Finally, the codes should be able to model the motions of the
ships of the seabase when they are in any arbitrary alignment. This would inelude elose-
in or far-apart, amidships-to-amidships, Med-moor, and bow-to-stern among others. Of
these factors, the number of vessels composing the seabase, and the arrangement of the
seabase are the two primary capabilities the codes should have. The capability to include
different hull geometries 1s also important (for the secabase may need to accommodate the
Joint High Spced Vessel (JHSV), a possible eatamaran vessel and the SES T-Craft) but
not as important as the other two factors.

The hydrodynamie factors category includes a number of difterent elements.
First, the programs should aecount for forward speed. Although the specds of the ships
while in a seabase formation are generally slow, much less than a Froude Number of 0.4,
it 1s still important to make surc that the programs ean account for forward speed. The
sccond hydrodynamic faetor is whether the program runs in the frequeney or time
domain. Frequency domain calculations are generally quicker and the response
amplitude operator (RAQO) speetrum can be easily determined. However, the non-linear
aspccts of the motions and mooring econfigurations cannot be discerned. Time domain




calculations can include the non-linear hydrostatic and Froude-Krylov forces and some
other important hydrodynamic forces, such as viscous roll damping, as well as outside
forces, such as those from mooring lines and fenders. Third, because in many cases
during the formation of the seabase one ship will be in the lee of the other, the program
should include wave shadowing effects on the motions. Next the codes should account
for the different types of hydrodynamic forces acting on the ships. These forces include
the propulsors/thruster forces, the appendage forces including rudders, bilge keels, skegs
and fins, and any second order drift forces. Finally, the code documentation was reviewcd
to determine if non-linear effects of the free surface, hydrostatics, and dynamic motions
were accounted for in the programs. These capabilities are less important as they account
for small and second order effects.

The final capability category includes the non-hydrodynamic factors that could be
present in a two ship scenario and whether the codes account for those forces and
attributes. The forces include the mooring and fender systems that may be deployed for a
skin-to-skin operation, and ramp forces that would be applied if a ramp were used for
cargo transfer. Other non-hydrodynamic factors in the code capability matrix include
autopilot, ship overtaking scenarios, and whether the codes are able to fix some of the
motion calculations to yield only forces and moments. Again, the non-hydrodynamic
capabilities that show the utility of the seabase would be in the mooring, ramp, and
fender systems so thcse capabilities would be the most important.

This capability matrix is shown in Tables 1 through 4. Once the matrix was
established, the capabilities of each of the codes in this evaluation were compared against
it. These capabilities were determined primarily from the documentation that came with
each code. Additionally, no documentation or code updates were accepted after January
1, 2008. Several codes allow the user to create his own subroutine to be eithcr compiled
with the code or linked through a DLL. This utility can be used to include a non-
hydrodynamic force or other capability that is not inherent in the code itself. Instances in
which the capability was not currently present in the code but could bc added by a user-
supplied program are noted in Tables | through 4.

A review of the documentation of the six codes was then conducted to determine
how well each codc fulfills the capabilities in the matrix. As shown in Table 1, all codes
can model the seaway by regular waves and all except ShipMo3D can model irregular
waves according to the user documentation that was in hand as of 1 January 2008. The
developer of ShipMo3D* has stated that the capability to model irregular seaways has
been coded into the multiple vessel ShipMo3D model, but the documentation as of the
freeze date does not reflect that. The irregular wave environment can be modeled by each
of the other codes by using one of the following spectra: Bretschneider, JONSWAP, and
Ochi-Hubble. Most simulations, except ShipMo3D, can include routines to model the
effect of wind and current speed and direction. Finite water depth effects can be
accounted for in LAMP-MULTI, AEGIR, and AQWA. For the MVS and MVTDS
codes, the finite depth effects are only included in the resulting predicted motions if the
programs, such as FD-Waveload’, that were used to calculate the added mass, damping
and other hydrodynamic parameters for the formulation of the impulse response function
include finite depth effects.

* McTaggart, K., ibid



Thc next major category was the configurations of ship gcometrics and the
scabase, as shown in Table 2. All of the codes can predict the motions with two or more
vessels and they can all accommodate multi-hull vessels and arbitrary but steady body-to-
body alignment. None of the codes can predict the motions of surface effect ships (SESs)
or fully skirted air cushion vehicles (ACVs) in the presence of other ships. Simulation of
motion control systems on ships in the multi-vessel environment can only be addresscd
by LAMP-MULTI and ShipMo3D. LAMP-MULTI can add passive anti-roll tanks, a
moving mass systcm for ride control, force-specified anti-rolling fins, rudder roll
stabilizer and a general foil controller. ShipMo3D can model passive motion control
such as bilge kecls, skegs, and fins, and active motion control of rudder roll stabilization.
AQWA and AEGIR can accept an external program with motion control algorithms.

Hydrodynamic capabilities of each of the codes are not as straightforward.
Although all of the codes in this cvaluation can account for the hydrodynamic cffccts on
the ship motions of forward speed and wave shadowing, cach of the codes has varying
capabilitics 1n accounting for the other hydrodynamics. LAMP-MULTI, AQWA, and
ShipMo3D includc routines integrated in their codc to include the propulsor and thruster
forces. AEGIR can account for thesc forces if the user adds an external routing, and the
MVS code handles these forces in AgileShip which is then fed into MVS. It is not
cvident from the documentation of the version supplied to NSWCCD how MVTDS
includes the propulsor and thruster forces. The typces of hydrodynamic calculations also
differ with each of the codes. LAMP-MULTI, AEGIR, and AQWA run time domain
calculations, though AQWA also has a frequency domain module that can be cxercised.
ShipMo3D currently calculates the multi-ship motions only in the frequency domain, and
MVS and MVTDS codes are time domain tools, although the initial program that
calculates the added mass and damping coefficients, FD-Waveload’, is a frequency
domain program. Appendage forces arc also handled difterently between each of the
codes. For the MVS, MVTDS, AQWA, and ShipMo3D, the lift force from the rudders
and viscous roll damping from thc bilge keels are accounted for within the programs.
Within LAMP-MULTI, the forces from wing-like and plate-like appendages are
computed from empirical formulae to account for rudder and bilge keel forces. AEGIR
can model fins and rudders directly as part of the hydrodynamic boundary value solution
or include the forccs on these appendages using empirical lift and drag coefficients, while
bilge kecl forces are included through a simple linear model that calculates viscous
damping. The final hydrodynamic factors that arc included in the code capabilities
include the non-linear cffects of the frce surface, non-linear hydrostatics and Froude-
Krylov forccs, and the second order drift forces. Modeling the free surface is linear i all
but AEGIR whcre the user has the option of selecting non-lincar wave radiation and
diffraction. Accounting for the non-linear hydrostatic and Froude Krylov forces is only
performed in LAMP-MULTI, AEGIR, and AQWA. MVS, MVTDS and ShipMo3D
provide only linear results. None of the codes, except AQWA, providc calculations to
determine the second order drift forces.




Table 1. Matrix of Code Capabilities - Environment
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Table 2. Matrix of Code Capabilities - Configurations
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Table 3. Matrix of Code Capab

uoI}EUBWINDOP
8y} woyy
1UBPIAG JON

14190- VMOV Ul
pajejno|es $a0ioj Yyup
Builiea Amols ‘3N
“VMOYV Ul pajejnojeds

$8210) YUp arem
uealW JapJo puodasg

uoljeuaWNIop
8U] WOJJ JUBPIAS JON

UOIlEUBINIOP 8Y)
woJj JUspiAe 10N

UoIEUBWINDOP 8y}
WoJj JUBPIAG JON

uoneUBWINDOP
8Y) WOJJ JUSPIAS JON

$9210) YuQ

uoloelyyip pue
Buidwep ‘ssew
-pappe Jeaul

$80.0) AOJAUN-8pN0I 4
pue sonelsolpAy
Jeauljuou ‘uonoeIIp
pue Buidwep
‘Ssew pappe Jesurn

$8210) AOJUM-apNo.4
pue soljeIsolpAy
Jeaul|uou ‘uonoelyip
pue Buidwep
‘SSew pappe Jeaul

S8010) aAEM
AOJAUM-2PNOI4
pue sonejsoipAy
JeauluoN

Jeaur

Jeaur)

Ayaesujj-uou Apog

uonoeIIP
pue uonelpe.s

uonIpuod ay) A|dde
0} 8Jaym Jo uondo

uonisod uesw
Jnoge pazueaul|
si Alepunoq

uonisod
ueaw JNOQge pazueaul|

Kjueauy|

Jeaun) Jeaun ! : s1 Auepunoq ||ny ‘iejem
aAEM JEBU)UOU yim ‘uol}Ipuod Ny ‘ajem wied -uou 82eyNS 844
wied Jnoge pazieau|
1o Jeauy| Jo uondQ |eoepns aal) sesul| Inoqe pazueau
S| 80BNS-8314
S| 80BpNS-9314
vww_% vo:% 9|9powW S|08 Buidwep snoos|A Jo seloptisdds ESw _M”w.amwn 0J Bl E0yg o
: vv. poien 195 : P 10l a)1|-a1e|d pue ay| 4 Pl Buidwep o1 SNO3SIA  [s8d404 abepusddy
pue ‘suly ‘sbaxs| abjiq pue Y| Jappny | |Iepow Jesulj aidwis SNOJSIA JEaUI|uoU
i -Buim Ajoads ued Jeauluou pue sJappny
sjpa) ablig pue siappny
s9 S8 s3 se se =5 suoROW UO S}29))0
A A A A A A Bumopeys sAepM
suoneinales | UEWop Aouanbayj si 8poo
di w._ :_E HI4-YMDV -ulewop ulewop Aouanbaly | spod urewop Asuanbauy ujewop
i >.ﬂo .u___mEo awn sl JNVYN-YMOV | Aluo ulewop awi] ulewop awi| e s) peojoAepy | sI peojaaepn-Q4 ‘epoo| Asusnbeauyuiewop
4 A ¥ P ‘ulewop Aduanbauy -4 ‘apod ulewop | ulewop awi) e sI SAW awyl
Aauenbai4
S ANIT-VYMOV awn e s| SAW
uajUM SI 8pod
8010} [BUIBIXS UE .
Apoq yoea 0} $S3|uUN ‘sisjsniy) el
P 9010} |eUIBIXS S ppe uolejuawnoop jou Ing diysa|iby 8210}
SOA paildde aq Aew $82.0) 10 12li01EM
0] Jasn 10j 8|qISSod WOJ) JUBPIAS JON ul pajpuey equed  |iaysnuyyaosindoid
Joysnay) udy 0y dn jou Jnq ssos|ndoud
$3010J J3||adoud - saA
Jajjadoud
S|opow - SaA
' 0=uj oydn
LEYN SOA SOA SaA SaA SaA s im0
agowndiys YMOV 103V ILTINN-dIWV SALANW SAN sojweuApopAH




Table 4. Matrix of Code Capabilities — Non-Hydrodynamic Factors
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MODEL TEST

The second part of the evaluation process was to correlate the output from each of
these codes with two-ship model tests that were performed at MARIN®*'°. The ships
that were tested were 45" scale models of the T-AKR 300 class (BOB HOPE) and the T-
AK 3008 (BOBO). The setup of the test required a new sub-carriage to be built on to the
existing carriage in the Scakeeping basin at MARIN. The BOB HOPE was attached to
the main carriage, and the BOBO was attached to the new sub-carriage as shown in
Figure 1. Both models were free to pitch and heave and constrained in all other modes.
During the test, the heavc and pitch motions, surge and sway forces and roll and yaw
moments were measured. The waves for this set of tests were regular with a nominal
height of 0.75 meters full-scale and frequencies at 0.4, 0.5, 0.6, 0.7, 0.8, and 0.95 radians
per second. The ship-to-wave heading conditions included head to following wavcs with
the BOB HOPE on the weather side of the carriage at the following headings: 180°, 150°,
135°, 120° 90°, 30° and 0° (where 180 ° is head and 0 ° is following). There were also a
few runs made with the BOBO on the weather side at headings of 330°, 270°, and 225°.
The tests were also run for three full-scale separations: 3 meters, 16.5 meters and 33
meters when the models were amidships-to-amidships, and at speeds of 0, 5 and 16 knots.
Other conditions tested included the BOBO both abaft and ahead of the BOB HOPE and
thc BOBO passing the BOB HOPE.

main frame (A-bracket)

backbone of
new sub catriage

travelling
carriage under
backbone

backbone =
of balance system
holding one model

Figure 1. Carriage setup for the MARIN two ship test

Of the complete data set, eight cascs were chosen to compare with the output
from the six simulation codes included in our evaluation, as shown in Table 5. Each of
the eight conditions had the BOBO and the BOB HOPE amidships-to-amidships in
steady state modc. The chosen conditions included a case with a slow specd and close
separation, a case at the highest speed and medium distance separation, and another case
at the highest speed with the largest separation distance. The basis for thc selection of the
eight conditions was to include a wide range of conditions in the amidships-to-amidships
configuration. It was thought that for this initial investigation of multi-ship seakeeping
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eodes, it would be best to evaluate them in the eondition that the seabase was most likely
to be eonfigured. One example correlation case was diseussed in the body of this report
and the other seven are provided in the appendiees of this report. The case shown in the
body of the report is the eondition that represents a 3 meter separation, 135° heading, and
5 knot ship speed.

Table 5. Model Test Conditions used in the Multi Body Simulation Code Evaluation

3 meter separation | 16.5 meter separation | 33 meter separationj
Speed 5 knots 16 knots 16 knots |
Heading 180°,135° 180°, 150°, 120° ~180°,150°, 120° |

UNCERTAINTY ESTIMATES OF MARIN MODEL TESTS

Beecause the model test data are to be used to eorrelate the motion predietions of
eaeh of the six simulation eodes, it 1s important to determine the uneertainty of these
model tests. First, the aceuraey of the instrumentation was investigated. Seecond, an
uneertainty analysis of the piteh and heave response amplitude operator (RAQO) motions
was condueted and finally the vanability of the data eolleetion was determined from 10
repeat test runs for the exaet same eonditions. The result of this uneertainty analysis
provided a measure of the error band of the model test data.

Instrument Accuracy

For proper eomparison to theory, uneertainty estimates have been formulated for
the MARIN multi-vessel tests. The information on uneertainty of these tests provided in
the MARIN reports, references § through 10, was inadequate for the computation of
uneertainty estimates. Uneertainty estimates were provided for the heave and piteh
measurements *, but these estimates were based upon manufaeturer’s speeifications and
not on any ealibration. Piteh angle was cheeked at an angle of 0.50° with an error of
0.01° deg with an inclinometer ° for the BOB HOPE, but the uncertainty in the
inelinometer was not provided. For the foree measurements, the accuracy was elaimed as
+2 %", but no evidence was provided to support this elaim other than experienee.
Typically for sueh a measurement, the uneertainty in load is fixed in physical units. A
pereent in uneertainty is normally refereneed to full-seale, and the full-seale loads were
not provided.

The only useable information provided for uncertainty estimates was the
performance of the wave-maker. The wave frequeney was reported as within £2.5 % for
a wave frequeney range of 0.3 < @< 0.95 rad/s and the wave amplitude within +5 % at a
nominal wave amplitude of 4 = 0.75 m for no model in the basin®.

As a eomparison, uneertainty estimates were performed for heave and piteh.
Suffieient information was not available from the MARIN reports for the forees and
moments. The deviees for the heave and piteh measurements were a pair of Fiama PF700
potentiometers. The aeeuraeies of these deviees were elaimed to be +£0.0045 m in heave
and £0.17° in pitch at full-scale”. Careful review of these devices from manufaeturer’s
speeifieations indieates that these values are incorreet. These deviees were not ealibrated
but piteh was eheeked with an error of 0.01° deg at 0.50° for the Bob Hope model as
stated previously®. None of the measurements as reported by MARIN are traceable to
their national metrology laboratory, Nederlands Meetinstituut (NMi).

N
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The actual specification for the Fiama PF700 is a resolution of 0.1 mm and
linearity of £0.25 %. These values are not the same as uncertainty or accuracy of the
mcasurement. Since the scale factor is A = 45, then the resolution is 0.0045 m, which is
the apparent claim for accuracy. For a 700 mm measurement device at 0.25 % linearity,
thc uncertainty without calibration may be as high as 1.75 mm or 0.079 m full-scale (17.5
times the stated value). Furthermore, the MARIN reports do not report any details on the
use of the 2 potentiometers. For estimation purposes, heave will be assumed to be the
average of the 2 potentiometers. Full-scale heave is then

H=A(y,+y,)/2 (1
where A is the scale factor and y, and y; are the 2 laboratory scale heave measurcments.
From the law of propagation of uncertainty from the ISO Uncertainty Guide'', the
uncertainty in the full-scale heave measurement is then

U, =AU, /I\2 )

where the uncertainty in y; and y; are assumed to be thc same and uncorrelated and thc
uncertainty in scale factor is zero. If the two transducers were calibrated against the same
refcrence standard, then the uncertainties would be correlated, and a different result
would occur. For the purpose of this analysis, the unccrtainty in the potentiomcter at the
95 % confidence level is assumed to be the resolution. The uncertainty in heave is thcn
0.0032 m. The non-dimensional heave or Response Amplitude Operator (RAO) is
defined as

RAO,, =H /A4 (3)
The non-dimensional relative uncertainty in heave is then
Upio/ RAO, =\/(U;;/H)2+(UA /A)Z (4)

where the relative uncertainty in amplitude is assumed to be +5 % at thc 95 % confidcncc
level.
The pitch angle as measured by the two potentiometers is given by

sina=(y,—y,)/x (5
or for small pitch angles
a=(y —y,)/x (6)
The unccrtainty in pitch angle is then
U, ={2U,/x)* +(aU, /x) (7)
With the assumption that the second term will be small, this equation reduces to
U,=2(U,/x) (8)

From the MARIN report, the distance, x, between the two potentiometers is 3
mcters. The uncertainty in angle is then £0.0027° and not £0.17° claimed in the report.
As a practical matter, a good laboratory inclinometer will have an uncertainty between
0.1° and 0.01°. For the purpose of these estimates, a value of £0.01° at the 95 %
confidence will be assumed. This value is also consistent with the error reported by a
comparison with an inclinometer.

The non-dimensional pitch angle is defined by

RAO,=al /4 9)
The relative uncertainty in the RAO is then
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Upio / RAO, = (U, /@) +(U, /L) +(U,/ A)} (10)
The reference length for sealing was the full-seale length of the BOB HOPE of 269.45 m
from Table 1 of Appendix A of referenee 8. The reported toleranee was 5 mm on length
per Seetion 1, p. 5 in reference 10. With a seale factor of 45, the full-seale unecertainty

was assumed to be 0.225 m. The estimated uncertainties of the individual measurements
for heave and piteh are summarized in Table 6.

Table 6. Uncertainty of Measurement Quantities for Heave and Pitch

Quantity | Symbol Ugs Units
Amplitude A 5.0 %
Frequency 0] 2.5 %
Heave H 0.0032 m
Length L 0.225 m
Pitch o 0.01 deg

The results for propagation of the uneertainties are presented in Figure and 3, for
non-dimensional heave and piteh, respeetively. In both eases, the uneertainties are
dominated by primarily the uneertainty in wave amplitude. However, the uneertainty in
the heave and pitch measurements eould easily be underestimated by a factor of 10. In

whieh ease, those terms would be dominant. The effeet of uneertainty in length on piteh
1s essentially nil.

13




0.06

[E  Ea a1 T I T T T T I T T 1 ] l T 1 i T I T T T T I T 1T T 7 I 1 T T T )
B —#— Uncertainty from Repeat Runs ]
0.05 - —&— MARIN Uncertainty =5
- O Uncertainty from Heave ]
s —O— Uncertainty from Wave Amplitude | A
" 0.04 —— Combined Uncertainty ]
Dm i @ - o o = m ]
0.03 - o
S ¥ I
I - ]
0.02 - -
0.01 | B
8 o o i
000 B LI O (S0 ST B VA4 G O T T UL L T T A T W B I TR O DL S [0 ey L ]
0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
w (rad/s)
a) HOPE
0_06 B T T T T l T T T T l T T T T I T T T T I T T T T l T T T T | T T T T ]
E —&— Uncertainty from Repeat Runs '
0:06 - —&— MARIN Uncertainty H
B ©  Uncertainty from Heave 1
i —O0— Uncertainty from Wave Amplitude | ]
0.04 |- —e— Combined Uncertainty ]
& i ]
2 o003} ]
= —
= r ]
B2 P =
0.01 |- >
000 : (R TN VW YO VO O [N 1O 0 W 0 MO (S Y (AN 1A NG I L O O VO S0 AR i O B L
0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
w (rad/s)
b) BOBO
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Repeat Tests

MARIN performed a scries of 10 repeat tests for a heading of 135° and speed of 5
knots. The wave amplitudc was an average of 0.728 m and frequency of 0.60 radians per
second. The wave amplitude of 0.75 m in the table was the nominal test value. The
actual measured values are located in the *.LOG files for each run.

As a practical matter, the variability in the repeat tests is probably larger than
uncertainty estimates from the instrument calibrations. Also, since inadequate
information was available for computation of the uncertainties by the methods of thc
previous scction, uncertainty estimates were computed from the standard deviation in the
mean values for the 10 repeat runs.

Data for the MARIN tests were computed from a harmonic analysis. A more
appropriate calculation appears to be one from standard statistics. The results were
presented as a Response Amplitude Operator (RAO). A ratio was taken of the measured
quantity of motion and the wave amplitude. From a statistical point of view, the ratio is
computed as a ratio of the standard deviations. For a pure sine wave, the resulting ratio is
the same. For a sine wave, the standard deviation and amplitude are related by the
following:

A=-20 (11)
where ois the standard deviation. The statistics were recomputed from the original time
series in the MARIN data files. The results are summarized in Table 7a at the 95 %
confidence limit. In most cases, the resulting uncertainty is higher than reported in
rcference 8. These values in non-dimensional physical units are applied as the vertical
crror bars in subsequent plots with the uncertainty in frequency as +2.5 %. The
uncertainty estimates for the different mcthods are compared in Figures 4 and 5 for heave
and pitch, respectively. For comparison with the percent difference tables computed for
each computational tool, the uncertainty values from the repeat runs were recomputed
using the same normalization that was used to compute the percent difference values
quantifying the difference between the numerical predictions and the model test data.
These values are listed in Table 7b. The standard deviations used in Table 7b represent
the standard deviation of the magnitude of the first harmonic from the repeat runs
computed from harmonic analysis, and are slightly different than the values computed
from standard statistics used in Table 7a. The harmonic values were used here to be
consistent with the percent difference calculations, which were computed from the RAOs
computed for the MARIN tests from harmonic analysis. The percentage values in Table
7b for the 95% confidence limit are normalized with respect to the maximum value of the
quantity over all six frequencies that were tested. This was done to match the
normalization used in the percent differcnce calculations.

Two examples of the time series for the test results at zero speed, zero heading
(following seas), and a wave frequency of 0.4 rad/s are shown in Figure 6. In this case,
the heave response, Figure 6a, is quite sinusoidal; however, the roll response, Figure 6b,
1s relatively random. Consequently, a harmonic analysis will provide results that are
cssentially the same in heave in comparison to a statistical analysis, but the results will be
quite different for the roll moment due to the randomness of the data.
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Table 7a. Uneertainty Estimates from Repeat Tests at 95 % Confidenee Limit

- BOB HOPE BOBO |

U9s5 U95

Quantity Formula | Average| Std Dey| U95 (%) Average| Std Dev ugs (%)
Heave [H/o 0.1224) 0.0146/ 0.0331|27.1 0.3509 0.0148, 0.0336| 96
Pitch a'l/o 2.6191 0.0407| 0.0922] 3.5 3.57 0.142 0.321] 9.0
Surge  |[Fx/pgL’c| 0.013111| 0.000951 0.00215 16.4] 0.006745| 0.000329(0.000745 11.0
Sway Fy/pgl’c| 0.008061 0.000475( 0.00107] 13.3 0.00715| 0.000360(0.000815| 11.4
Roll Mx/pgl’o] 0.000267] 1.96E-05 4.43E-05( 16.6) 0.000242| 4.61E-05]0.000104 43 1]
Yaw Mz/pgl’c] 0.003382 9.81E-05{0.000222| 6.6/ 0.001129| 2.73E-05(6.19E-05| 5.5

Table 7b. Uncertainty Estimates from Repeat Tests at 95 % Confidenee Limit,
normalized in same manner as Percent Differenee values for computational methods

HOPE BOBO
Quantity |  Units Max Std. Dev. U95 [ U95% | Max | Std. Dev. U9s | U95%
Heave m/m 0.820 | 001136 | 0.02568 | 3.13 0.990 | 0.00688 | 0.01554 | 1.57
Pitch deg/m 0.660 | 001251 | 0.02826 | 4.28 0.790 | 0.01369 | 0.03093 | 391
Surge kN/m 3907.62 8450 | 19097 | 4.89 | 3006.72 58.10 13132 ] 437
Sway kN/m 7365.06 14680 | 331.76 | 450 | 7067.98 100.18 | 22641 | 3.20
Roll (kNmym | 3756481 186.85 | 42228 | 1.12 | 2249854 302.13 | 68281 | 3.03
Yaw (kNm)/m | 641320.5 [ 15217.2 | 34390.9 | 5.36 ] 3304386 | 7535.16 | 170295 | S.15

DESCRIPTION OF COMPUTATIONAL TOOLS

This section provides a general discussion of the computational methods used by
the predietion eodes in this study. All of the numerical methods employed by the
computational hydrodynamie tools were based on potential flow theory and were either
panel methods or used eoeffieients obtained from panel methods. Panel methods are the
most practical tools eurrently available for predieting the motions of multiple ships in
moderate seas. The methods differed in the type of singulanty distributed on the panels
and whether the panel methods solved the problem in the time domain or frequeney
domain. The types of methods used by the tools in this study to prediet the response of
two or more ships operating in a scaway can be grouped into the following categories:

1.
Z

Time domain tools based on externally eomputed impulse response funetions
Time domain / frequeney domain tools that are based on the zero-speed free

surface Green’s Funetion
Time domain Rankine panel methods
Frequeney domain tools that are based on the zero speed free surface Green's

funetion.

There are other types of computational methods that eould be used to prediet the
motion of two or more ships in a seaway. Strip theory methods that are traditionally used
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for single ship seakeeping predictions could also be applied for multiple ships, but it is
very difficult for strip theory to capture the interactions between the two ships, and these
methods would probably not be adequate for predicting the “wave shadowing” effect of
one ship operating in the lee of another ship. Unsteady Reynolds Averaged Navier-
Stokes (URANS) tools can be used for this problem as well. URANS codes are
computationally intensive, and no URANS tools were examined as part of the current
study. A URANS solution would require a computer with about twenty processors on the
order of one week to complete a single two ship simulation. The University of lowa has
used their CFD-Ship URANS code to compute a limited subset of two ship model test
cases examined in this study, and they have shown good correlation with MARIN model
tests data for those runs'”.

Time domain tools based on externally computed impulse response functions

The first category of tools employ methods that perform a time domain simulation
of the motions of two ships using force coefficients supplied as input to the program.
The tools in this study that fall into this category are the CSC Multi-Vessel Simulator
(MVS) and the BMT D&P Multiple Vessel Time Domain Simulator (MVTDS). These
tools do not directly compute the hydrodynamic forces based on the geometry and
relative position of the ships. The forces are obtained at each time step during the
simulation from tables of coefficients and impulse response functions computed by other
programs at a series of speeds and headings. To generate the tables of force coefficients,
a few other programs are run prior to running the time domain simulation tool, and the
output from these other programs is used to build the input files for the simulation tool.
The total force on each ship at each time step is broken down into several component
forces. These force components are:

e The steady interaction force. This 1s the force present on the two ships traveling
at constant speed in calm water. It includes the “suction” force from the
accelerated flow between the two ship hulls as well as forces which would
change the draft and trim of the ship at constant forward speed. Either a steady
flow panel method or Reynolds Averaged Navier-Stokes (RANS) method would
be suitable for computing the steady flow interaction forces. For very low speeds
(FN<O0.1) even a method that treats the water surface as a flat rnigid wall would
provide a sufficiently accurate approximation for the suction force between the
two ships. For running the MVS tool, CSC used the ShipFlow code marketed by
Flowtech AB of Sweden for these calculations while NSWCCD used AEGIR.

e The wave induced forces. These include the wave exciting forces (composed of
incident wave and diffraction components) and the radiation forces. They
represent the largest unsteady force component for the simulations run to
correlate with the model test data. The wave induced forces are computed by
using a set of frequency domain added mass, damping and wave exciting force
cocfficients generated by a commercially available code such as WAMIT or FD-
Waveload. These frequency domain coefficients are then transformed into tables
of impulse response functions, which are interpolated and evaluated at cach timc
step during the time domain simulation. It would also be possible to use a time
domain panel mcthod to compute the impulse response functions directly, but
none of the codes used this approach.
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e The maneuvering forces. These forees include the rudder and eontrol surface
forees as well as the steady and very low frequency hull motion forees. The
maneuvering forees are diffieult to prediet directly from a numerieal simulation
so empirieal methods are generally used. They are eomputed individually for
each ship, so it is assumed in these methods that the prcsenee of the other ship
does not influenece the maneuvering forees.

The user may choose whieh programs to use to compute the impulse response
funetions, maneuvering foree coefficients and steady hull interaetion forees. The MVS
tool ineludes an intermediate proeessor program whieh ean ereate input files for the MVS
from the output files of programs used to eompute the foree eoeffieients. This
intermediate proeessor was the only option available for building input for the MVS tool
at the time of this study, however, and it required the use of FD-Waveload for the
frequency domain seakeeping coefticients and AgileShip for the maneuvering forees.

As mentioned previously, the results of model tests were used for correlation n
this study. During these tests, the two ship models were traveling at a constant speed with
a fixed separation distanee between them. For the simulations run to correlate with these
model tests, the maneuvering foree and steady interaction foree will only ehange the
mean foree on each vessel, not the amplitude of the unsteady foree. The eorrelation
performed in this study eompared the response amplitude operators obtained from the
model test data with the values obtained from the simulations. Therefore, for the
comparisons with the model test predictions shown in this report, the tools in this first
eategory can do no better than the frequeney domain tool used to generate the added
mass, damping and wave exeiting foree eoefficients.

Time domain / Frequency domain tools based on zero-speed free surface Green’s
Functions

The seeond category of tools are methods capable of predieting both the time
domain and frequeney domain response of one or more ships using a panel method based
on the zero-speed Green’s funetion. The tools n this eategory are actually very similar
to those in the first eategory, exeept that the method for computing frequeney domain
scakeeping cocfficients, the method for transforming the frequency domain eoeffieients
into impulse response funetions and the aetual time domain simulation tool are all
combined into a single software package. Note that the frequency domain tools used to
generate the input files for codes that fall in the first category are also based on the zero-
speed free surface Green’s funetion. These are boundary element methods that are
commonly referred to as “panel methods” sinee they represent the hulls with quadrilateral
surface elements or “panels.” A source distribution is placed on each panel, and the
strengths of the sourees are eomputed to satisfy the hull boundary eondition. The term
““zero-speed free surface Green’s function” refers to the mathematical form of the source
distribution on the panels, whieh for these methods automatically satisfies a linearized
boundary condition on the water surface. As the name implies, the function assumes that
the ships have zero forward speed. The effeet of the steady forward speed of the ships is
included through corrections to the zero-speed solution, whieh are typieally referred to as
“m-terms” (see Ogilvie 1969'). This approach gives aeceptable results for forward
speeds up to a Froude Number of about 0.4. Transient Green’s funetions exist that do not
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assume zero-speed; however, these functions are more complicated than the zero-spced
functions and require significantly more computational effort to evaluate. Only a few
tools (TiMIT and Martec’s TD-Waveload are examples) have been developed utilizing
the transient Green’s function, and none of the methods cxamined in the current study
used the transient Green’s function.

The tools in this category require the user to create a panel mesh to represent the
ship hull geometry up to the static waterline. The geometry of the hull above the static
waterline 1s ignored during the frequency domain calculations, and no panels are placed
on the calm water surface. It is possible to partially account for the geometry above the
static waterlinc in the time domain solution, by including the incident wave and
hydrostatic pressure forces up to the incident wave surface at each time step. The tools in
the current study that fall into this category are AQWA and ShipMo3D. These tools
contain a separate program or module for computing the frequency domain coefficicnts
and another program or module for computing the time domain simulation. At the time
the tool evaluation was performed, the two ship version of ShipMo3D was only capable
of performing frequency domain calculations, and time domain calculations could only
be performed for a single ship in ShipMo3D. While time domain modules of AQWA are
functional for two ships, only the frequency domain module was exercised for the present
correlation study.

Time domain Rankine panel methods

The third category of tools 1s time domain Rankine panel methods. These are
boundary element methods, similar to tools in the previous category, except thesc tools
use simple source and/or dipole distributions on each panel that are called Rankine
singularities. Rankine singularities do not automatically satisfy any boundary condition
on the free surface. The singularities themselves are easier and faster to evaluate
compared with free surface Green’s functions, but the methods based on Rankine
singularities require that panels be placed on the water surface in addition to the hull
surface so that the boundary condition can be applied directly on the free surface. In
contrast to the methods in the previous categories, these methods obtain a potential flow
solution directly in the time domain, without first computing a set of frequency domain
solutions over a range of frequencies. There are also no assumptions made by these
methods concerning forward speed, so they are not lmited to Froude Numbers below 0.4,

Generally these tools required more computational effort than the tools in the first
two categories to complete the simulations required for the correlation study. More user
expertise 1s required as well, because panel meshes must be generated on both the free
surface as well as on the ship hulls. As these tools do not rely on the form of the
singularity distribution to satisfy the free surface condition, different forms of the
linearized free surface boundary condition (i.e. linearization about double body flow
instead of free stream flow) or even non-linear boundary conditions can be applied.
Incorporating modifications to the free surface boundary condition, as would be requircd
to model a surface effect ship or air cushion vehicle, is also more straightforward in a
Rankine panel method. The tools examined as part of the current study that are Rankine
panel methods include LAMP-MULTI and AEGIR. Both of these tools includc threc
options for specifying “body non-linearity”, where increasing the level of non-lincarity
increases the computational effort. The option used most often with these tools 1s to
compute “body-linear” (modeling the hull geometry only up to the static waterline) wave
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radiation and damping forees and “body-nonlinear” (modeling the hull geometry up to
the ineident wave surfaee) incident wave and hydrostatie pressure forees. The main
difference between LAMP-MULTI and AEGIR 1s that LAMP-MULTI uses flat
quadrilateral panels with constant strength souree distributions, whereas AEGIR does not
use traditional “panels” but instead defines both the hull and free surface geometry and
the singulanity distribution with NURBS (Non-Uniform Rational B-Spline) surfaces.

Frequency domain tools based on the zero-speed free surface Green’s function

In addition to the six tools deseribed above, two purely frequeney domain tools
were also used during this study. They were used to generate input for the computational
tools in the first eategory. These tools ean be useful by themselves for predieting the
statisties for the relative motions between two ships; however, they are limited to purely
linear caleulations. For multiple ship simulations any forees from mooring lines, fenders
or thrusters used for dynamie positioning could only be ineluded as equivalent lineanzed
terms. Although the behavior of the hydrodynamie forees acting on two ships in a sea
base are primarily linear, other external forees such as those from mooring lines and
fenders or from dynamie positioning thrusters are quite non-lincar. The two frequency
domain tools used in this study were WAMIT and FD-Waveload. They are both based
on the zero-speed free surface Green’s funetion and are similar to the tools in the second
category. exeept they do not include modules for computing a time domain solution.
The WAMIT package includes a program for computing impulse response funetions
from the frequency domain coefticients but no module for computing the time domain
response. WAMIT inecludes the option of using either traditional quadrilateral panels
with a uniform souree distribution on each panel, or using NURBS surfaees to deseribe
both the geometry and singularity distribution in the same manner as AEGIR. WAMIT,
however, 1s limited to zero-speed. FD-Waveload ineludes forward speed correction
terms through the use of m-terms (sce Ogilvie 1969"). Neither WAMIT nor FD-
Waveload was oftieially ineluded in the evaluation of tools for this report. However,
WAMIT was run for several wave headings for the HOPE and BOBO with a 3m
separation distance and zero forward speed and showed good correlation with the
MARIN model test data for these conditions. FD-Waveload was run for all the
| correlation eases as this eode was used to generate the input for the MVS and MVTDS
simulation tools, and direet comparison of the FD-Waveload predietions with the model
test results is included later in this report.

| Overall Model Complexity, Computational Issues and Efficiency

Certain computation issues are eommon to all of the methods evaluated in this
report. For example, all of the time domain methods require that a time step size be
specified that is small enough such that a eonverged solution is obtained but not so small
that the ecomputational time required becomes burdensome. For the regular wave
correlation studies in this report, eare was also be taken to ensure the total time simulated
was sufficiently long to perform the harmonie analysis and that the transient startup
portion of the simulation was removed so that only the steady state response was
analyzed. For simulations in irregular waves, even longer simulation times would be
required to obtain meaningful statisties. All the methods require that the geometry of the
ship hulls be defined with either a mesh of quadrilateral or triangular panels or using a
NURBS surface. For the traditional panel methods, the sensitivity to the panel size must
be examined to ensure a converged solution. The panel size and time step size required
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are dependent on the geometry, speed, and sea spectrum. For instance, higher incident
wave frequencies result in shorter wavelengths and wave periods, which in turn require a
smaller panel size and time step size to resolve. For rcsolving the response accurately at
high frequencies, the methods using NURBS surfaces for the geometry and singularity
distribution have an advantage. However, in practice these methods have some issues as
well, 1n that the surfaces taken from IGES files produced by CAD software typically nced
to be faired to remove some of the irregularities typical of NURBS surfaces produced by
CAD software. Although the methods that use NURBS surfaces do not have a “panel
size” in the traditional sense, the issue of choosing a converged spatial discretization still
cxists, as the user must specify the order of the B-Splines and the number of “knot
intervals” in each direction along the NURBS surface.

Another complication that arises when examining multiple ships is thc existence
of resonant waves in the gap between the ships (see Newman 2004'*).  When the
distance separating the ships is a multiple of half the wavelength of one of the wave
components, (i.e. separation distances of 2, A, 1'4A, 2A,...) standing transverse waves
can become “trapped” between the two ships. These waves and the forces associated
with them can become unrealistically large in a potential flow prediction, and some
artificial damping must be included to account for the viscous damping not included
directly in the potential flow simulations. In the model tests used for the correlation in
this report, the separation gap sizes examined were such that this resonant wave effect
would only occur at wave frequencies greater than 1.0 radian/sec, and all the model tests
were performed at wave frequencies lower than that. Although this effect did not directly
influence the correlation study, care must be taken to account for viscous damping when
analyzing the response of two ships in an irregular sea if the spectrum has significant
energy at wave frequencies that would result in resonant waves in the gap.

The computational methods that rely on the zcro-speed Greens’ function requirc
the user to take care to remove irregular frequency effects. These panel methods obtain a
solution for the potential both external to the ship hulls and internal to the ship hulls.
Although only the external potential is of interest, numerical solutions will be erroneous
near the Dirichlet Eigen-frequencies of the interior domain bounded by the inner surface
of the hull and the calm water plane inside the hull. This can lead to erroneous spikes in
the predicted added mass and damping coefficients near these frequencies. Although
these spikes are typically observed only at higher frequencies, their existence can still
corrupt the computation of impulse response functions if they are not removcd. The
effects of irregular frequencies can be suppressed by placing a “lid” of panels on the calm
water plane inside the hull and applying a special boundary condition there (see Lee et.
al. 1996"), or by simply plotting the added mass and damping coefficients as a function
of wave frequcncy and throwing out the solutions at the higher frequencies where spikcs
are observed. When computing impulse response functions from the frequency domain
coefficients, an integral must be evaluated with the integration limits from zero to mnfinite
frequency. Care must be taken such that a sufficient number of frequencies are computed
to accurately evaluate this integral and that a sufticiently large frequency is used for the
highest frequency where the numecrical integration is truncated.

The Rankine panel mcthods requirc that the uscr crcate a separate pancl mesh
covering a portion of the water surface. The extent of the free watcr surfacc modeled, the
length of the “numerical beach” required for damping out waves at the boundaries of the
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domain, and the panel size used for the free surface mesh are all things that must be
considered. The Rankine panel methods are very sensitive to the free surface paneling
around blunt sterns such as that of the BOBO and to the “squeezed’ mesh in the gap
between the hulls. This sensitivity was noticed in both LAMP and AEGIR. When
running a Rankine panel method, the user must visually observe the pressure distributions
on the hull and the wave patterns on the free surface, to ensure that there are no pressure
spikes on the hull or wave spikes on the free surface resulting from the panel mesh.
These can occur when the aspect ratio of the free surface panels are too large, when some
of the frec panels become skewed as they bend to conform to the hull waterline, or when
a free surface panel clips one of the hull panels. Unlike the hull mesh, reducing the pancl
size on the free surface is not always the solution. For codes such as LAMP-MULTI a
pure convergence test cannot be performed to determine the free surface panel size, as
reducing the size of the free surface pancls beyond a certain point can lead to numerical
instabilities. The automatic free surface generation features available in both LAMP-
MULTI and AEGIR are satisfactory for many but not all cases, and a certain amount of
user experience is required to determine when and how to modity the free surface mesh
to obtain rehable solutions.

All the tools require the user to have some experience running hydrodynamics
programs to obtain a reliable solution. None of the tools arc at a stage where a user can
simply set up the input and obtain time domain solutions for various conditions without
first performing a convergence study and examining the output from the intermediate
steps, such as examining the added mass and damping coefficients as a function of wave
frequency for Green’s function based methods or examining pressure distributions on the
hull and wave elevations on the free surface for Rankine panel methods. For a new user
to “come up to speed” running a code, the programs using the free surface Green’'s
function may have a small edge in case of use and required computational effort. These
tools, which fall under categories 1 and 2, require the user to run a large number of
frequency domain runs to build a databasc of coefficients, but after those coefficients are
computed the time domain solution can be obtained very quickly. There are options
available for improving the computational efficiency of the Rankine panel methods
which bring them closer to the efficiency of the Green’s function approach, such as using
more efficient matrix solvers and using the Rankine panel methods to compute and store
impulse response functions and then evaluating these functions during the time domain
simulation.

For the evaluation of each code in this report, an attempt was made to create a set
of common panel meshes for each ship, so that each tool would usec the same pancl mesh.
This was intended to create a level playing field for all the tools, by removing the
influence of panel mesh quality. To examine the influence of pancl size, three different
panel meshes were created for the BOBO and two different panel meshes were created
for the HOPE. The three panel meshes for the BOBO used 482, 954 and 1538 panels on
half of the hull and are shown in Figures 7, 8 and 9 respectively. The two meshes for the
HOPE used 708 and 1461 pancls on half of the hull and arec shown in Figures 10 and 11
respectively. The HOPE model included a large skeg (sec inset in Figure 10), which was
included as part of the pancl model, as it was felt the skeg would influence the sway
forces and yaw and roll moments. The skeg was not included in the panel models
developed at CSC for their MVS simulations or in the panel models created at SAIC for




their LAMP-MULTI simulations. WAMIT was used to examine the sensitivity of the
solution to panel size for each ship run by itself at zero speed and at a wave heading of
135°. It was observed that even the coarsest grid produced a converged solution for the
single ship cases in WAMIT. Figure 12 shows the convergence of the Heave RAO for
the BOBO for the three meshes.

Figure 7. BOBO panel mesh with 482 panels on half of the hull

Figure 8. BOBO panel mesh with 954 panels on half of the hull
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Figure 10. HOPE panel mesh with 708 panels on half of the hull
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Figure 11. HOPE panel mesh with 1461 panels on half of the hull
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Figure 12. WAMIT convergence study for panel size on BOBO meshes
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MULTI-VESSEL CODE CORRELATION WITH MODEL TEST

In the following seetions each code being evaluated is brietly described, the input
hull geometry is explained, and samplc comparison plots of the output from each code
with one model test condition are displayed. Each section eoncludes with a short
qualitative comparison of the code output with thc model tcst results. For this
comparison, the rangc of the phase plots was extended beyond the conventional 360
dcgrees in order to make the plots continuous. With this type of display, it 1s casier to
identify the trcnds of correlation of the phase relations.

CSC MULTI VESSEL SIMULATOR

The CSC MultiVessel Simulator (MVS) program was originally developed by
Computer Seiences Corp Advaneed Marine Center to support evaluation of the ONR
High Capacity Along Side Sea Basc Sustainment (HICASS), now Large Vessel Interfacc
Lift On Lift Off (LVI-LoLo) motion-compensatcd crane development program. It is now
being used to support scabasing scenarios for the Maritime Pre-positioning Force
(Future) (MPE(F)) office of NAVSEA. The MVS program combines calm watcr
maneuvering forces, calm water ship intcraction forces, and wave-induced motions of the
two ships, which are obtained from frequeney domain motions that are converted to
Impulse Response Functions (IRF). The output of the program consists of timc domain
ship motions and forccs and moments of thc two ships.

Response Amplitude Operator Calculation

The MVS program combines the output from several eomputer programs to
calculate the ship motions, forees and moments of the two ships as indicated in Figure 13.
The calm water maneuvering forees and moments were calculated using the CSC
AgileShip program, which uses empirical maneuvering force and moment coefficients.
The calm water ship intcraction forces were calculated using the AEGIR program, which
determines the pressurc ficld forces between the ships. In their running of the MVS
program, CSC used a different program, ShipFlow, to caleulate the calm water
interaction forccs between the ships. The wave-indueed forces were caleulated with the
Martee FD-WavcLoad program. FD-Waveload is a linear frequency domain potential
flow three dimensional panel code that 1s bascd on the zero-specd Green's function for
multiple interacting ships and has a correction term to account for forward specd cffccts.

Initially, CSC used an undocumented complex method for gencrating input files
tor MVS using the output from the FD-WavelLoad and AgileShip programs. To improve
the methodology of generating the input files, so that organizations outside of CSC eould
run MVS indepcndently, CSC developed an input Intermediate Proccssor. This
Intermediate Processor calculates the IRF for time domain ship motions from the FD-
WaveLoad added mass and damping and wave excitation results. It also modifies the
maneuvering forces and moments from the AgileShip results and calculates the wind
forees and moments and roll damping moment coefficients.

The MultiVessel Simulator uses the Intermediate Proeessor and the ship intcraction
force results to caleulate the time domain motions, forces and moments of both ships.
Optionally mooring lincs and fenders forces can be included in the calculation.
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A Fourier analysis was then used to calculate the Response Amplitude Operator (RAQ)
amplitudes and phase angles from the ship motion time histories. It considered only the
encounter frequency term for the steady regular waves.

Input Description

The AgileShip program version 5 requires the hull form, appendage and propeller
descriptions, as well as the displacement and center of buoyancy.

Data Collection and Master Data List Population

Master
Data List

Preprocessor Execution

st

Wivekad

sy

Figure 13. MultiVessel Simulator Input Process

The AEGIR program requires the hull form defined as NURBS surfaces, as well as
the displacement and center of gravity. The resulting ship interaction forces and
moments were required to be in a particular format for MVS.

The FD-Wavel.oad program requires the hull form defined as a grid of panels, as
well as the displacement, center of gravity, and gyradii. A specific set of ship speeds,
headings and wave frequencies are required by the Intermediate Processor. The
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Intermediate Processor version that was available for use requires that FD-Wavel.oad
version 2006A3 be used. The Heave and Pitch RAOs were found to be essentially the
same for three hull pancl densities for the BOBO hull form. The coarsest panel density
for each hull was used for the final calculations as shown in Figure 14 below.

HOPE BOBO

Figure 14. FD-WavelLoad Hull Panel Grids for HOPE and BOBO

The MVS Intermediate Proeessor uses the frequeney domain added mass, damping
and wave exeiting results from FD-Wavel oad to ealeulate the impulse response
funetions. Some ship geometry and load eondition parameters are used with the
maneuvering coeffieients from AgileShip to define the maneuvering forees. The ship’s
above water areas and the eenter of gravity are used to ealeulate the wind forees. The roll
damping information is added to the ship motions data.

The MultiVessel Simulator requires the relative eenter of gravity position, ship
speeds, sea conditions, current dcfinitions, and simulation run prcferences. Optionally
data for defining the mooring lines and fenders forees can be ineluded in the caleulations.
The Fourier analysis uses the MVS ship motion time histories to caleulatc thc RAO
amplitudes and phase angles.

RAO Amplitude and Phase Results and Observations

Plots of MVS predieted amplitude and phase of heave and piteh motion, surge and
sway foree and yaw and roll moment RAOs for the 3-meter separation, 5 knots, 135-
degree wave heading (bow seas) condition are presented in Figures 15 through 18 along
with the results of the MARIN tests. The plots for the remaining seven test eonditions are
shown in Appendix A. Qualitatively eomparing the MVS RAO amplitude predietions
versus the model tests, some trends are found. In general, the heave, pitech motions and
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surge and sway force RAO amplitudes for the HOPE agree reasonably well with model
test data, while the phases show larger scatter. The roll and yaw moment amplitudes for
the HOPE have more scatter. The same is true for the BOBO, but the amplitudes, in
general, do not follow the model test data as well as the HOPE. The RAO amplitudes are
generally predicted more accurately than the phase angles. The phases for the BOBO
results also show more scatter than those from the HOPE. The FD-Wavel.oad heave and
pitch results tend to be closer to the model data than the MVS results that are based on
them.

CSC, independently, ran the same condition through MVS for their validation and
verification (V& V) effort. The amplitudes of all the RAOs from the CSC V&V are also
plotted in Figures 15 through 18 but the phases were not reported in this V&V effort so
they could not be shown. The CSC V&V effort ran MVS without the use of the
intermediate processor. The differences between these two results are noticeable but not
substantial and generally bound the model test RAOs.

Additionally, the heave and pitch predictions from FD-WaveLoad are presented
in Figure 15 for the HOPE and Figure 17 for the BOBO. The MVS Intermediate
Processor requires the 2006 version of FD-WaveLoad, which does not calculate RAO
values for forces or moments, That predicts the heave and pitch motion RAO values
assuming the vessel is free to move in all six degrees of freedom. Therefore, only pitch
and heave motions are displayed from FD-Waveload. The fact that the FD-Waveload
predicted RAOs do not account for restricted degrees of freedom does not affect the IRF
computed in the Intermediate Processor, as these are computed from the added mass,
damping and wave exciting force coefficients. The MVS takes into account which
degrees of freedom are free and fixed when evaluating the impulse response functions.
The fact that the MARIN models were fixed in the modes other than heave and pitch
should not have a large effect on the heave and pitch RAO values, since the vertical and
lateral plane motions are not strongly coupled. It would be expected that the amplitude
and phase of the pitch and heave motion predicted by the MVS would agree fairly closely
with the FD-Waveload heave and pitch RAO predictions, as this is simply a matter of
taking a frequency domain solution, computing IRF to compute a time domain solution,
and then using harmonic analysis to recover the frequency domain values. However, this
was not the case with the version of the MVS code that was evaluated for this study.
CSC has identified this as a problem with MVS and has shown progress on correcting it
since the completion of the current study. Both the MVS and the MVTDS code
developed by D&P used IRF generated from FD-Waveload frequency domain
coefficients, and both of those tools showed large discrepancies with RAO values
obtained by FD-Waveload. Therefore this issue is discussed for both of these codes
together at the end of the MVTDS section.

The results that are presented in Appendix A show trends that are similar to those
noted above for this condition. 1t should be noted, however, that there are larger
differences between the MVS results and the FD-Waveload results in comparison with
the model test data for the 16.5 meter separation, particularly at the 180 degree heading.
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DESIGNERS AND PLANNERS MULTIPLE VESSEL TIME DOMAIN
SIMULATOR

The Multiple Vessel Time Domain Simulator (MVTDS) was devcloped at
Dcsigners and Planners to support ONR projects requiring multiple vessel seakecping
predictions such as the Interface Ramp Technology (IRT) project. The MVTDS is a time
domain simulation tool that obtains the forces on each ship at cach timc stcp from
cocfficients supplied as input to thc program. Thc total force on cach ship is computed as
the sum of component forces such as the wave exciting, radiation and damping forces, the
stcady interactions forces, maneuvering forces, and any non-hydrodynamic forces such as
thosc from mooring lines and fenders. The coefficients used to compute the componcnt
forces are obtained by running other available tools that are appropriate for cach forcc
component. The method allows for some flexibility in terms of which forcc componcents
arc included and which commercial tools are used to compute the cocfticients requircd
for input. The D&P MVTDS approach is very similar to the approach used by thc MVS
code dcveloped at CSC. The main difference between the MVTDS and MVS codcs is
that MVTDS uses a built in mancuvering model based on the work of Kijima (2003)'®,
whercas the MVS uses the CSC AgilcShip program to compute maneuvcring forces.
Other differences are that MVTDS is written in C and includes the capability to simulatc
more than two vessels. The version of MVTDS that was delivered to NSWCCD was a
custom version of the code that was hardwired to simulate thc MARIN model tests with
two vessels fixed in all modes except heave and pitch. The mancuvering forces and
ability to include forces from mooring lines and fenders are not included in this custom
version of the code. The delivered code contained only the parts nceded to simulate the
MARIN model tests so that thc code could be correlated with the model tcst data.

Input Description and Response Amplitude Operator Calculation

The input for MVTDS consists of a series of ASCII text files containing the
cocfticients required to obtain thc component forces on each ship at cach time step along
with an overall control input file to specify the relative position and vclocity of the ships.
Separatc input files arc uscd for the tables of coefficients for cach force component. For
the custom version of MVTDS dclivered to NSWCCD for correlation with the MARIN
model tests, input files were required containing impulse response functions (IRF) for the
wavc exciting forces and radiation forces along with filcs containing tables of the infinite
frcquency added masses, the restoring force coefficients and the steady interaction forces.
The format of the input files for the MVTDS is nearly identical to that for the MVS code
developed at CSC. For both of thesc tools, the tables of IRF and stcady interaction forces
arc provided for a matrix of ship specds and relative positions, and the values are
intcrpolated based on the input specd and relative positions of the two vessels. D&P does
not have an intermediate processor to generate the input files containing the impulse
response functions directly from the FD-Waveload output filcs. Intcrnally D&P used a
combination of MatLab programs and Excel spreadsheets to gencrate the input for the
simulations they performed using the MVTDS. This proccdurc was not documented and
could not be transferrcd for use by NSWCCD. While, it would have been possible to
creatc a program at NSWCCD to compute IRF from the FD-Wavcload coefticients and
build input files in the proper format for the MVTDS, doing so would have required a
level of effort that was beyond the scope of the code evaluation effort.  Guidance from
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D&P suggested using the input files produced by the CSC Intermediate Proccssor.
Therefore, the input files for the MVTDS containing the IRF tables and added mass and
restoring force coefficicnts were generated by taking the MVS input files produced by the
CSC Intermediate Processor, and making some minor modifications to these files so that
they were formatted correctly for MVTDS. The input files containing the steady
interaction forccs were generated manually based on a series of steady flow AEGIR
simulations of the two ships traveling next to each other in calm water.

One of the difficulties in verifying the correctness of the input files for the
MVTDS concermns inconsistencies in the coordinates systems used by the MVTDS and
the separate programs used to generate the input coefficients. For instance FD-Waveload
uses a coordinate system with the z-axis positive upwards, while in MVTDS the z-axis
points downwards. For the wave-exciting force IRF this transformation is done within
the MVTDS, so the input file with the wavc exciting force impulse response functions
must be generated assuming z is positive upwards. However, this is not the case with the
radiation force IRF, and the input file with the radiation force impulse response functions
must be generated assuming z is positive downwards. It was believed that this 1s
consistent with the coordinate system definitions output from CSC Intermediatc
Processor; howcver, this could not be definitively verified as the coordinate systcms were
not clearly defined in the program documentation for the CSC Intermediate Processor.

The MVTDS was used to perform a series of regular wave simulations
corresponding to the regular wave model tests performed at MARIN. The outputs from
the MVTDS consists of two text files containing the time histories of the heave and pitch
motions of each ship and the force and moment histories of each ship for the surge, sway,
roll and yaw modes. The RAOs were computed from the time histories using MatLab.

MVTDS RAO Amplitude and Phase Results and Observations

Plots showing the MVTDS predictions for the RAO amplitude and phase arc
shown in Figures 19 and 20 for the case of the HOPE and BOBO separated by 3 meters,
travcling at 5 knots with a wave heading of 135° (bow quartering seas). Thc MVTDS
predictions are compared with both the MARIN test results and the FD-Waveload
predictions. Figurc 19 shows the correlation for the heave and pitch motions and the
surge force. Figure 20 shows the correlation for the sway force and yaw and roll
moments. The correlation for the other speeds, headings, and separation distances are
shown in Appendix B. The plots in Appendix B also include the comparison with the
FD-Waveload predictions. The 2007A1 version of FD-Waveload was used to compute
the RAO values shown in Figures 19 and 20 and in Appendix B, while the 2006A3
version was used to compute the added mass, damping and wave exciting forcc
coefficients used to compute the IRF for the input files. The added mass, damping and
wave exciting forces predicted by the 2006 and 2007 versions of FD-Waveload are nearly
identical, but the 2007 version is needed to compute the RAO values with the ships frec
to heave and pitch but fixed in all other modes.

MVTDS obtains a time domain solution using impulse response functions
computed from the addcd mass, damping and wave exciting force coefficients, which are
computed by FD-Waveload. Other forces can also be added to the wave induced forces
at each time step, but the only additional force included in NSWCCD’s custom version
MVTDS is the steady interaction force, which will only influence the mean valuc of the
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total force and will have no effect on the amplitude of the unsteady forees or motions.
The RAO amplitude and phase values are obtained from the MVTDS time domain
solution. Within FD-Waveload, the added mass, damping and wavc exciting forces are
uscd to solve the frequeney domain equations of motion to compute the RAO amplitude
and phase valucs. In theory, the values obtained from both approaches should be very
close as they are bascd on the same force coefficients. Therefore, a direct comparison
between the MVTDS values and the FD-Waveload values is shown to verity whether the
input for MVTDS was gencrated correctly and whether the MVTDS is computing the
time domain rcsponse correetly.

As mentioned above, the CSC Intermediate Processor was uscd to compute the
impulse response function tables used for both the D&P MVTDS and thc CSC MVS
codes. As both tools use a very similar approach to evaluate the IRF to obtain forces at
each time step and produce a time domain response, one would expect that thc RAO
values predicted by these two tools would agree with each other fairly closely. Even if
the IRF were computed incorrectly by the CSC Intermediate Processor, it would be
expected that the two codes would produce the same incorrect time response. Figure 21
shows comparisons of the heave amplitude RAO values predictcd by MVTDS, MVS and
FD-Waveload for the 5 knot, 3m separation, 135° heading case. It can be seen that for
this case therc are significant differences between the MVTDS and MVS solutions and
neither code agrees with the FD-Waveload solution. The FD-Waveload values correlate
very wcll for the HOPE and reasonably well for the BOBO. Overall the correlation
between FD-Waveload and the MARIN model test data is reasonable and similar to that
scen for AQWA and ShipMo3D. This raises two questions whieh will b¢ addressed in
the remainder of this section: (1) Why are there large discrepancies between the time
domain solutions from MVS and MVTDS, when both tools use the same impulse
response function tables? and (2) What is the cause of the differences between the FD-
Waveload predictcd RAO values and the values computed from the MVTDS and MVS
timc domain solutions?

Examining first the discrepancies between the MVS and MVTDS solutions, the
most likely cause 1s inconsistencies in the coordinate systems uscd when defining the
impulse response functions (IRF). As mentioned above, the MVTDS input files requirc
the radiation force IRF to be specified assuming z positive upwards, while the wave
exciting force IRF must be speeificd assuming that z is positive downwards. Plots were
generated of the IRF produced by the CSC Intermediate Processor to verify that the
column order and direction werc specified correctly. Determination of the compatibility
of the column order and coordinate system could be discerned from some plots of the
[RF, but not definitively for all of the IRF tables. An incorrect coordinate system in just
one of the IRF tables eould Icad to large errors in the predicted time domain response.
Other possible causes for the diserepancy include errors in the interpolation or evaluation
of the IRF in one of the two codes.

There are several possible explanations for the discrepancies between the RAO
values computcd dircctly in the frequency domain in FD-Waveload and the RAO values
obtained from the time domain analysis. Thesc are discussed below.
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Interpolation of Impulse Response Functions

One source of error could be the interpolation of the IRF with respect to spced
and hcading. For the cascs cxamined in Figures 19 and 20, the matrix of FD-Wavcload
simulations performed to generate the input for the CSC Intermediate Processor included
speeds of 0, 3 and 6 knots and wave headings spaced every 30° (runs were pcrformed at
wave headings of 180°, 150°, 120°, etc). The IRF input tables were then produced at
those speeds and headings. The speeds and headings at which the IRF are computed are
hard wired in the CSC Intermediate Processor. To obtain the wave exciting force
impulse response functions for a wave heading of 135° at 5 knots the MVTDS or MVS
must interpolate for both the speed and wave heading (essentially averaging the IRF
computed at 120° and 150°). The radiation force IRF are independent of wave heading,
so the interpolation must only be performed for speed. The intcrpolation bascd on speed
is not likely to have a significant effect at the lower speeds, as the dependence of the
coefficients on speed is small, and in fact there is little difference betwecn the RAO
values computed at 0 and 5 knots. The dependence of the wave exciting forcc on wave
heading may result in a more noticeable error and perhaps a 15° heading spacing would
be an improvement, but this error is likely small compared with the total diffcrence
between the solutions and can not fully cxplain the discrepancy. A large discrepancy is
prcsent cven in cases where the time domain solution is obtained at one of the headings at
which the IRF are specified (see for instance figures Bl and B2 in Appendix B, which
show the 3m separation, S knot case at a wave heading of 180°).

Accuracy of Impulse Response Function Calculations

This section discusses the factors that influence the accuracy of the calculation of
IRF from frequency domain coefficients and the accuracy of the time domain forces
calculated by evaluating IRF . The discussion applies not only to the MVS and MVTDS
codes, but is also relevant to codes such as AQWA-NAUT, which obtains a time domain
solution in AQWA bascd on AQWA-LINE frequency domain coefficients, and to future
versions of ShipMo3D which will use a similar approach.

The calculation of the IRF from the frequency domain coefficients involves
evaluating an integral involving the added mass, damping or wave exciting force
coefficients over a rangc of frequencies extending to infinite frequency. For cxample the
formula for the radiation forcc impulse response function can be expressed in terms of
either the frequency-dependent added mass or damping coefficients:

K1) = % [ |B,(w) - B, (=) |cos(wndw = 27‘" [ 4, (@)~ 4,(2)sin(nde  (12)

where Kj; 1s the radiation force impulse response function, Bj; is the frequency-dependent
damping coefficient and 4;; is the frequency dependent added mass coefficicnt. Then
during the time domain solution the radiation force is evaluated as:

6 !
F()=Y|-4.% —B,.x, - IK!.I.(t ~7)%,(r)dT (13)
=1 —o0
The formulae for the wave cxciting force IRF are similar, but are also dependent on wave

heading and usc the wavc cxciting force frequency domain cocfficients instcad of added
mass and damping cocfficients. Numerically it is not possible to carry the intcgration

40



out to infinity so the integral must be truncated at some finite frequeney. Also the
tfrequency domain coefficients are computed at a discrete number of frequencies and the
number and spacing of the frequencies at which thesc coefticients are computed can
influcnce the accuracy of the IRF calculations.

In order to bettcr understand the process of obtaining a time domain solution from
frequency domain eoefficients, Professor J. Nieholas Newman was asked to provide a
tutorial on the process for NSWCCD. The tutorial was based on the WAMIT code and a
module included with WAMIT called F2T, whieh computes impulse response functions.
The case studied with WAMIT looked at both the HOPE and BOBO and two half
ellipsoids with the length, beam and draft equal to that of the HOPE and BOBO. For the
tutorial, a separation distance of 32 meters between the vessels was used and the specd
was zero knots, as WAMIT does not include forward speed. For the ease of the two half’
ellipsoids, heave and pitch RAO values were computed from the time domain and then
compare with those RAO values that were computed in the frequency domain. The two
RAO values agreed to within about 1% of the each othcr. In the study, the influence of
frequency spacing, rcmoval of irregular frequeneies, and truneation frequency were
examined. To study the influence of truneation frequency, the IRF were computed twice
using a truneation frequency of 2.0 rad/sec and 4.0 rad/sec. No significant differences
were found between the IRF so it was determined that a truncation frequency of 2.0
rad/sec is adequatc. The influence of removing irregular frequencies using a “lid” of
panels in the panel method calculations was also examined by computing the IRF both
with and without the removal of irregular frequeneies. No notieeable differenees in the
IRF were observed, which indicated that irregular frequency effccts are not significant for
this particular problem in WAMIT. To examine the influenee of frequeney spaeing the
IRF were eomputed using a frequency spacing of 0.01 rad/sec and 0.005 rad/sec and the
IRF computed with both frequency spacings were eompared. [t was determined that the
0.01 rad/sec spacing was adequate for surge, heave, pitch, and yaw, but that the smallcr
frequency spaeing of 0.005 was important for the sway and roll.

The frequencies used to eompute the IRF using the CSC Intermediate Processor
were hardwired and could not bc adjusted by the user. A frequency spacing of 0.15
rad/sec was required starting with an initial frequency of 0.1 rad/sec up to a truneation
frequency of 2.95 rad/sec. Thc study using WAMIT indicates that the truneation
frequency of 2.95 rad/sec should be adequate, but the frequency spacing is very eoarse
compared with what was used in the tutorial. The coarse frequency spaeing used by the
CSC Intermediate Processor is probably not adequate to obtain an accurate answer over
the range of frequeneies examincd. However, even with this eoarse frequency spacing,
the time domain solution based on the IRF should match the frequency domain solution
at the 0.4 and 0.7 wave frequeneies, since FD-Waveload ealeulations were performed to
gencrate the input at these frequencies. Therefore, while the coarse frequency spacing
may contribute to the discrepancies between the time domain and frequency domain
RAO values seen in the correlation, it does not fully explain the discrepancy, as there are
large differences between the FD-Waveload RAO values and those computed from MVS
and MVTDS even at the wave frequencies specifically used to compute the IRF.

In the process of revamping the MVS code to inelude dynamie positioning forces,
CSC ereated a new version of the MVS and Intermediate Processor that has addressed
these issues, and they have demonstrated with some of their own ealeulations that they
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now reproduce the RAO values computed by FD-Waveload fairly well. However, the
new code was developed after the completion of the NSWCCD correlation study.
Designers and Planners have also provided NSWCCD with calculation results from
MVTDS for the HOPE and Mighty Servant 3, which demonstrate that using their internal
method for building the input IRF tables, they are able to achieve a rcasonable agreement
between the RAO values obtained from the predicted time domain response and the FD-
Waveload frequency domain values. For simulation tools that rely on impulse response
functions computed from frequency domain coefficients obtained by other tools, the pre-
processor program that computes the impulse response function is an important part of
the calculation. This preprocessor influences the correlation of the tool at least as much if
not more than the time domain simulation code itself. Therefore it is felt that a
preprocessor tool to compute IRF must be included as part of the software package for
this type of tool if a worthwhile correlation of the tool is to be performed.

It does not make sense to discuss in detail the quality of the corrclation between
the MVTDS predictions and the MARIN model test results, since it is not clear whether
the impulse response function tables used as input were set up correctly and no tool was
provided to generate IRF tables specifically for the MVTDS. The FD-Waveload
comparison provides an indication of the best possible correlation that the MVS and
MVTDS codes could achieve using the FD-Waveload solution as input. For both tools
there will be some additional errors from the interpolation of componcnt force
coefficients with respect to heading, speed and relative position of the two vessels as well
as from the computation and evaluation of the IRF. With care these sources of error can
be minimized and a level of accuracy close to that from the direct FD-Waveload solution
should be achievable. For this reason a direct correlation of FD-Waveload with the
MARIN model test data is also included 1n this report. The time domain simulation tools
can then allow nonlinear forces from mooring lines, fenders, dynamic positioning
systems, etc. to be included so that many practical real world problems can be examined.
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AQWA

AQWA, developed by Century Dynamics and marketed by ANSYS, 1s a suitc of
integrated modules which predicts the hydrodynamic properties of offshore and marine
structures. Each of these modules, AQWA-LINE, AQWA-FER, AQWA-NAUT, and
AQWA-DRIFT, provides predictions of the hydrostatics and hydrodynamic motions of
up to ten bodies in close proximity. AQWA-LINE calculates the wave loading and body
response in regular waves. It also computes the linear wave forces and the second order
mean wave drift forces. AQWA-FER analyzes the responses of the floating bodies in
irregular scas. Both AQWA-LINE and AQWA-FER are performed in frequency domain.
The time domain responses can be obtained by using AQWA-NAUT or AQWA-DRIFT.

AQWA Response Amplitude Operator Calculation

As mentioned in the description of the codes section of this report, AQWA
calculates motions using linear velocity potential theory and solving the potentials with
the zero speed Green’s function. AQWA also uses a forward speed correction, similar to
that of strip theory, to calculate the motions with forward speed. This approximation is
valid for low to medium ship spceds, or Froude Numbers less than 0.3. The AQWA-
LINE module is used for this evaluation to calculate the linear response of floating bodies
in regular waves. For the two body case, AQWA-LINE uses three-dimensional
radiation/diffraction potential theory. The amplitude of the incident wave 1s assumed to
bc small compared to the ship length. The motion is also assumed to be harmonic and the
solution 1s obtained 1in the frequency domain.

AQWA Input Description

AQWA-LINE performs the ship motion caleulations by representing the
geometry of each of the ships as panels. Figure 22 shows the panels used for the AQWA
calculations. The ship geometry was modeled by 708 panels for HOPE and 482 panels
tor BOBO. The panels represent the ship geometry below the still water line. AQWA-
LINE uses both triangular and quadrilateral elements (panels). In an AQWA-LINE data
tile, the elements which are below the still water line must be denoted as diffracting
elements. Although AQWA-LINE can handle mixed models of both diffracting and non-
diffracting elements, the top row of diffracting elements must have their top cdges
aligned with the still water line.

AQWA RAO Amplitude and Phase Results and Obsecrvations

An initial investigation of the behavior of the RAOs for the example condition of
3-meter separation, 135-degree wave heading, and 5-knot ship speed was performed to
determine if the amplitudes and phases were well behaved. For this investigation,
AQWA-LINE was run with 105 frequencies with a variable frequency interval ranging
from 0.2 radians per second to 0.001 radians per second. The smaller frequency intervals
were used so that the discontinuity or spikes would be evident. Figurcs 23 and 24 show
these RAOs computed by AQWA-LINE. Both amplitudes and phases of the RAOs of
heave and pitch motions, surge and sway forces, and roll and yaw moments are compared
with MARIN model test data. The AQWA values shown for the forces and moments are
the wave exciting forces only, which represent the forces that would be measured on the
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two ships if they were both fixed in all degrees of freedom. The radiation forces are not
included 1in the surge and sway force or the roll and yaw moments. As the MARIN
models were restricted in all modes except for pitch and heave, this means the AQWA
predictions for the forces and moments in the fixed modes do not include the forces
resulting from the heave and pitch motion of the two vessels. The etfect of this may be
small, as the vertical plane motions probably have only a small influence on the lateral
plane forces. For instance it is unlikely that the heave and pitch motion of a vessel will
produce a large roll or yaw moment. However, in the case of two vessels side by side.
the heave motion of one vessel will generate radiated waves that may result in lateral
plane forces on the other vessel which are not included in the AQWA-LINE wave
exeiting forees.

The heave and pitch motion RAO’s are computed as if both ships were free to
move in all six degrees of freedom, not just free to pitch and heave. The current version
of AQWA-LINE did not allow for only some degrees of freedom to be restricted, so each
ship could be modeled as either free in all six modes or fixed in all six modes. For the
heave and pitch motion, the values shown in Figures 23 and 24 and in Appendix C are
computed as if the vesscls were free to move in all six degrees of freedom, and the values
for the surge and sway forces and yaw and roll moments are computed as if the two
vessels were fixed in all six degrees of freedom. 1f a time domain analysis were
performed in AQUA-NAUT, the vessels could be restricted in all degrees of freedom
except pitch and heave by including the towing carriage as a fixed moving non-
hydrodynamic body and then modeling the mechanical linkages between the models and
the carriage. However, the scope of the current correlation study only included the
AQWA-LINE frequency domain analysis.

FD-Waveload is a frequency domain code based on a similar theory to that used
in AQWA-LINE. The 2007a version of FD-Waveload has the capability to compute
motion and force RAOs with the ships free to move in some degrees of freedom and
fixed in others. FD-Waveload was run with the degrees of freedom set up as in the
MARIN model test and also run with the degrecs of freedom sct up the in the same
manner as was done in AQWA-LINE. The comparison of the two FD-Waveload
simulations showed that neglecting the restricted degrees of freedom typically causes a
ditference of a few percent in the heave and pitch amplitude and differences on the order
of 5 to 10% in the force and moment amplitudes.

Qualitatively, for the one condition of 3-meter separation, 135 degree wave
heading, and 5 knot ship speed, the AQWA-LINE results have good agreement with the
MARIN test data with the exception of the surge force. Also, in general, the predictions
for the HOPE tend to be closer to the model test results than those of the BOBO. As
expected, irregular spikes are cvident in the heave and pitch RAOs (both amplitudes and
phases) from AQWA-LINE at frequencies about 0.45 rad/sec and 0.95 rad/sce. The
corresponding wavelengths are 304 meters and 68 meters, respectively. It is unusual to
see the irregular behavior at the lower frequency of 0.45 rad/sec. There are also very
large irregular spikes in the surge and sway forces and roll and yaw moments in the high
frequency range of 0.8 to 1.0 rad/sec. This irregular behavior has been observed from free
surface Green's function based simulation codes, and could be a function of the potential
flow calculations which ignore the damping due to viscous effects.
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The remaining seven conditions are shown in Figures CI through C14 in
Appendix C. The RAOs for these conditions were calculated by AQWA-LINE only at
the frcquencies of the model test. Therefore, any spikes or discontinuities in the behavior
of the RAOs are essentially ignored. Straight lines are plotted between each of the RAO
amplitude and phase at the specific frequencies. The conditions include separation of the
two models of 3, 16.5, and 33 meters, ship speeds of 5 and 16 knots, and headings of
head and bow seas. The model test results are plotted on each of these figurcs so as to
discern the extent of the correlation between the predicted motions, forces, and moments
with the model tests. In general, there is no clear pattern between the predicted results
from AQWA-LINE and the model test. One observed deviation, however, is pointed out.
For the 16.5-meter separation cases, the predicted pitch motion at the 0.6 rad/scc
frequency and sway force at the 0.5 rad/sec frequency, the RAO amplitudes are
significantly over predicted. Then, for the 33- meter spacing of the vessels, the pitch
motion, surge force, and yaw moment are over predicted at the 0.8 rad/sec at 120 degree
heading and 0.7 rad/sec at the 150 degree heading. Again, the rest of the predictions at
the other frequencies and conditions correlated reasonably wcll.

Figure 22. Panels used for AQWA-LINE simulations (Hope: 708 wet panels,
Bobo:482 wet panels).
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SHIPMO3D

The multi-vessel version of ShipMo3D belongs to the elass of purely linear
frequency domain codes where the hydrodynamic coefficicnts are determined using a
Green’s function formulation. It has been developed by Kevin McTaggart of Defence R
& D Canada - Atlantic and is constructed as an object-oriented library with associated
user applications written in the Python programming language. Since the multi-vessel
version of ShipMo3D is still in the carly stages of development, many features that are
currently supported in the single ship version have not yet been incorporated. As of
January 1, 2008, the multi-vessel capabilities allowed for the determination of the forces
on, and motions of, each vessel in the frequeney domain moving at the same forward
speed in regular waves. The capabilities available for a single ship simulation
ShipMo3D that are being added to thc multi-vessel version involve both frequency and
time domain simulations as wcll as both regular and rregular waves. In time domain
simulations there is the option to compute nonlinear Froude-Krylov and hydrostatic
forces on the instantaneous wetted hull. Other various forcec modcls that arc available
include hull eddy-making damping, hull cross-flow drag, input for hull mancuvering
coefficients, and bilge keel viscous roll damping.

Input Description and RAO Calculation

Since ShipMo3D is an assortment ot user applications, a set ot stand-alonc
programs must be run in scquential order. As input, all of these programs require a user
generated ASCII format input file, and in many cases, the python output file from
previously run programs in the sequence. Many of the programs output an ASCI11 format
filc as well as graphical output. Thc first step 1s to crcate the vessel gcometries in a
python file format. This can be donc by either using the program SM3DPanelHull, which
reads in hull lines defined by point offsets and then generates panel corner points through
interpolation, or SM3DReadPanelHull, which reads in the corner points of an already
pancled hull directly. Regardless of which program is used, it must be run for cach ship
individually. The next step is to run SM3DRadDif; also for each ship individually. This
program calculates the hydrodynamic forces duc to added mass, wave radiation damping.
and wavc cxcitation in the frcquency domain. The final program that is run on each ship
1s SM3DBuildShip. This program creates a databasc of all the relevant ship propertics
and characteristics such as the radius of gyration values, viscous force parameters,
definitions of any appendages that are modeled, autopilot and rudder control paramcters,
and propeller charaeteristies. Next, the two ships are brought together in the program
SM3DRadDitPair and the hydrodynamic forces due to added mass, wave radiation
damping, and wave cxcitation for a pair of neighboring ships is computcd. The ship
separation is defined in this program and thercfore it must be run for each scparation
distance bctween the ships of interest. Finally, SM3DSeaKeepRcgularPair is run to
compute the forces and motions for a pair of neighboring ships in regular waves.

Sensitivity study

A small sensitivity study was undertaken to determine the eftect that the panel
size (directly related to the number of panels) had on the resultant predicted transfer
functions. In order to eliminate the effects that multiple ship interactions could
potcntially have, only a singlc ship, in this case thc BOBO hull, was cxamined. In order
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to generate the different panel sizes in ShipMo3D, the program SM3DPanelHull was
used and the parameters controlling the interpolation were varied to systematically half
the number of panels for each different case. The baseline hull geometry used throughout
this total investigation had approximately 482 panels. For this study, a slightly denser
paneling of 518 panels was looked at, as well as coarser geometries of 234, 111, and 53
panels respectively. Figure 25 shows the coarsest paneling used in the sensitivity study
along with the bascline paneling that was used throughout this study of 482 panels.
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(a) coarse hull geometry using 53 panels  (b) baseline hull geometry using 482 panels

Figure 25. Comparison of the extreme paneling differences in the BOBO hull
geometries used in the scnsitivity study.

A frequency domain simulation was run of the BOBO in order to generate the
predicted transfer functions of motion. The ShipMo3D results were also compared to
data from a single ship experiment. The single ship experiment condition was conducted
at MARIN with a ship speed of five knots, wave heading of 135 degrees, and a regular
wave height of 0.75 meters full-scale at frequencies ranging from 0.5 to 0.8 radians per
second. The heave and pitch amplitude transfer function results for the five different
paneled hulls along with the experimental results are shown in Figure 26.

Both the heave and pitch transfer functions show that there is almost no differencc
in the results between all of the various paneling densities if one excludes the most coarse
panel geometry (53 panels). But even this extremely coarse panel geometry only begins
to noticeably diverge from the other results at higher frequencies; frequencies above 0.60
rad/s for heave and above 0.80 rad/s for pitch. Furthermore, all the results, including the
coarsest panel geometry, agree very well with the experimental results from MARIN.
Therefore, it appears that our baseline 428 panel hull geometry is more than sufficient to
give accurate results.
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Figure 26. Hull panel sensitivity study transter function results using the BOBO hull
for condition of five knots ship spced, 135 degrees wave heading, and 0.75 mcters
full-scale wave hcight.

Irregular frequencies

Many pancl-mcthod codes, such as ShipMo3D, can be influenced by irregular
frequencies. According to McTaggart', at these irrcgular frequencics, the computed hull
source strengths and associated vclocity potentials give unreliable results. This occurs
because the source strengths on the hull becomc very scnsitive to the influence matrx or
the matrix of normal velocities from thc source strengths and this causes small crrors to
bc magnified. In order to minimize these cffects, ShipMo3D allows the user to specify
various frcquencies that should be ignored when calculating the hydrodynamic
coefticients. The program then interpolatcs across the excluded frequency gaps to fill in
the coefticient values.

When simulating a single ship, irregular frequencies arc fairly straightforward to
identify. Large sudden changes, or spikes, in the added mass or damping cocfficient over
consecutive encounter frequencies usually signal an irrcgular frequency. However, when
multiplc ships in close proximity are involved in the simulation, it is not a simple task to
dctermine irregular frequencies. This is because spikes in the hydrodynamic cocfficients
could now also be due to unexpected coupling between the motions of the ships.
Unfortunatcly, in many cases of multiple ship simulations, thc naturally weak interactions
between the nearby ships arc artificially magnified by the numecrical solution of the
problem. Thercfore, Icaving the coefficients unchanged or completely removing the
spike at the problematic frequency arc both undesired actions.

The possibility of eliminating irregular spikes that could be the result of irregular
frequencies within ShipMo3D was explored. This meant skipping the hydrodynamic
cocfficient at a certain frequency and then later calculating its value by interpolating
between neighboring points. Figure 27 shows an example using no irregular frequency

¢ McTaggart, K. ibid
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control versus ignoring a frequency that produces a spike for the HOPE hull at three
meter separation, 135-degree wave heading, and five knots ship speed using the sway
added mass (black line) and damping (red line) hydrodynamic coefficients.
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Figure 27. Sway added mass and damping coefficients computed for the HOPE hull
with a three meter separation with and without irregular frequency considerations.

Without any irregular frequency considerations, the added mass sway coefticient
for the HOPE hull showed a very prominent downward spike with resultant ncgative
values around an cncounter frequency of one radian per second as shown in Figure 27(a).
For a single ship this would obviously be an irregular frequency since negative
coefficients cannot exist. However, for multiple ships in close proximity, negative values
are indeed possible. If the user chooses to suppress this spike because it is believed to be
erroneous, then the ShipMo3D user has the option of ignoring that particular encounter
frequency. The result is shown in Figure 27(b), where the large sway added mass, over -
6.0 A22/mass, downward spike is gone, highlight the effects this change would produce.

The choice to suppress an irregular spike that could be an irregular frequency can
have a large impact on the resulting transfer functions. This is shown by the results in
Figure 28 where the pitch transfer functions of both ships in a multi-ship simulation are
shown. In one case there were no irregular frequency considerations (the solid lines),
while for the other case we removed the potential irregular frequencies (dashed lines).
For the most part, the pitch responses in both cases are nearly identical. However, near
the potentially irregular encounter frequency of one radian per second (0.857 radians per
second incident wave frequency) the pitch responses of each vessel show large
difference. The experimental results were also plotted to serve as a means to help assess
the correctness of each approach. The results for the HOPE seem to suggest that it 1s
justifiable to suppress the irregular frequencies since the result with the removed spike
passes right through the experimental result at 0.95 radians per second. However, the
results for the BOBO are not so clear. The experimental result at that incident wave
frequency lies between the predicted RAOs with and without the irregular frequency;
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perhaps suggesting the difficult situation where ship coupling does exist but is artificially
magnified. Ulumately however, no definite statement can be made due to the discrete
nature of the experimental results and the narrow width of the spike in question. ltis
possible that the observed spike predicted by ShipMo3D could exist in the cxperimental
data if more points between 0.80 and 0.95 radians per second had been investigated. The
correct handling of irregular spikes is usually even more complicatced than this sinee, in
most cascs, experimental results are not available to be used as a guide. As
demonstrated, even if they do exist, the proper handling of irrcgular spikes in the
coefticient results requires much thought.
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Figure 28. Effccts of irregular frcquency smoothing has on the resultant pitch transter
function for thrce meter separation, 135 degree heading, and five knots ship speed.

In order to be consistent in the cvaluation of the other codes, no irregular
frcquency considerations were used to calculate the results in the following section. The
rationale behind this was that irregular frequency handling involved the application of
morc advanced hydrodynamic knowledge than the average uscr may have at their
disposal.
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ShipMo3D RAO Amplitude and Phase Results and Observations

The predicted RAO amplitudes and phases using ShipMo3D for each of the two
vessels, along with the experimental results from the multiple-ship tests performed at
MARIN, can be seen in Figures 29 and 30 below. The results shown below arc of the
135° ship heading to the waves and 5 knot ship speed and 3 meter separation between the
two ships. Plots showing the remainder of thc conditions studied can be found in
Appendix D.

Overall, ShipMo3D docs a very good job predicting the ship motion transfer
functions of heave and pitch, both amplitude and phase. The amplitudes of the two
motions show slightly better agreement to the experimental data for the larger ship,
HOPE, than the smaller ship, BOBO. The phases of the two motions for both ships also
have similar agreement to the experimental results. ShipMo3D is able to predict the
surge and sway force amplitudes reasonably well. In a similar manner to the motions, it
appears to do a slightly better job predicting these forces for the HOPE than the BOBO.
The phases of thc force predictions correlate well for the low incident wave frequency
region for the surge force but deviate from the experimentally measured phascs for the
higher frequency region and for the sway force entirely. Finally, ShipMo3D struggles
with predicting the roll and yaw moment transfer functions. The biggest problem is that
the possible irregular frequencies around an encounter frequency of one radian per
second appear to be extremely magnified in the moment transfer functions. Thcrc is a
small, relative to the rest of the results, spike in the heave and pitch motion and surge
force amplitudes results around this encounter frequency. There is a similar spike,
although much larger, more than an order of magnitude, in the sway force and roll and
yaw moment amplitudes. Because of the large vertical scale, the rcsults at lower
frequencies have less resolution along the abscissa. In order to resolve this scaling issue,
the ShipMo3D roll moment amplitude results are cut off at 0.78 radians per second and
shown in Figure 31. This figure now has a more appropriate scale and the predicted
ShipMo3D results can be compared to the experimental results more easily. It is
apparent, however, that the predicted results still do not capture the moment amplitudcs
correctly. It appears that for low frequencies, less than 0.70 radians per second,
ShipMo3D over predicts the moment amplitudes by about three times. For higher
frequencies, one near the possible irregular frequency as was shown in the previous
figure, ShipMo3D predicts moments that are orders of magnitude too largc.
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LARGE AMPLITUDE MOTIONS PROGRAM (LAMP)

The Large Amplitude Motions Program (LAMP) was developed by Science
Applications International Corporation (SAIC) to provide both linear and nonlinear ship
motion predictions in the time domain. Most of the development of LAMP was
performed under ONR sponsorship. The basis of LAMP is a time domain Rankine panel
method. LAMP includes several options for obtaining the time domain solution on the
ship hull surfaces and the free surface, with different levels of complexity and
computational effort required. Using an approach referred to as LAMP 1, both the
hydrostatics and hydrodynamics can be computed in a body linear manner, taking into
account the hull geometry only up to the static waterline. A hybrid approach can also be
used that combines body-nonlinear hydrostatic and Froude-Krylov forces with linear
hydrodynamic forces. This approach is used in options referred to as LAMP 2 and
LAMP 3. The difference between LAMP 2 and 3 is that LAMP 3 includes methods for
predicting the maneuvering forces associated with large lateral motions, where the forces
contributed by rudders, other appendages and the propeller are included using empirical
formulas. The most complex and computationally intensive approach is LAMP 4, which
uses a body-nonlinear method for the hydrodynamic problem as well as to compute the
hydrostatic and Froude-Krylov forces. For predicting the motions of multiplc ships in
close proximity, SAIC produced an offshoot of the LAMP suite they called LAMP-
MULTI. The LAMP-MULTI version of the program used for this seabasing evaluation
was based on LAMP 2. The LAMP-MULTI program calculated the calm water
maneuvering forces, calm water ship interaction forces, and time domain ship wave-
induced motions, forces and moments for the two ships studied for this evaluation.

Response Amplitude Operator Calculation

The LAMP-MULTI program used the following numerical methods to calculate the
essential maneuvering, ship interaction forces, and wave-induced forces. The calm water
ship interaction forces are calculated by the potential flow panel method. The wave-
induced forces are calculated using a three-dimensional body-linear Rankine potential
flow panel hydrodynamics with body-nonlinear hydrostatic and Froude-Krylov wave
forces. The hull lift forces are approximated using low aspect ratio airfoil theory. The
program then combines the results of the maneuvering and ship interaction force
calculations with the wave-induced forces to determine the time domain ship motions,
forces and moments of both ships. Optional calculations for forces from mooring lines
and fenders can be included.

A Fourier analysis was used to calculate the Response Amplitude Operator (RAO)
amplitudes and phase angles from the ship motion, force and moment time histories. It
considered only the encounter frequency term for the steady regular waves.

Input Description

The input to the program included the hull form panels, the appendage descriptions
and dimensions, the center of gravity, roll damping, and wave conditions. The free
surface geometry was defined by a set of quadrilateral panels that was generated by the
LAMP automatic free surface grid generation pre-processor code. The panel density that
was used for the final calculations is shown in Figure 32.
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Results from LAMP numerical calculations can vary depending upon how the hull
geometry and frce surface are represented in the input. A sensitivity study was conducted
to better understand the influence of these input variables on the LAMP output. In this
study, the number of pancls that were needed to represent the hull geomctries of the two
ships and the extent that these panels represcnted the free surface were varied. Variation
in the time step size was also evaluated for the 16.5 meter separation 16 knots 120 degree
hcading condition. There was noticeable differences in the LAMP-MULT! output duc to
frec surface panel extent and hull resolution. In general, the aim is to use as small a free
surface panel cxtent and as large a panel size panel to represcnt the hull and frec surface
as possible without sacrificing accuracy. Figures 33 and 34 depict the influcnce of
varying the free surfacc extent on the predicted motions, forces and moments. As shown,
the heave and pitch motions were rclatively constant with changes in panel extent, while
the forces and particularly the moments varied considerably with panel extent. From this
study, the free surface panel extent of 800 meters was chosen to be used for the final runs
for frequencics of 0.4 and 0.8 radians per sccond. This extcnt was chosen becausc the
variations in the output became more constant than those of smaller free surface extents.
The MARIN model test data was included in the figures for reference. As shown in
Figures 35 and 36, the hcave and pitch motions were relativcly constant with changes in
pancl resolution or sizc, while the forccs and particularly the moments varied
considerably with panel size. At the panel size of 16 meters that was uscd tor the final
runs, the variations wcere generally smaller than those of larger sizes. The smaller of the
two pancel sizes near 16 meters was sclected to show the difference between having four
pancls between the hulls instead of two with mixed results. The final 3 meter and 16.5
meter scparation runs were made with two pancls between the hulls while the 33 meter
scparation runs were made with four panels. The RAO amplitudes werc generally
predicted more accurately than the phase angles.

Figure 32. LAMP LAMP-MULTI Hull Panel Grids for HOPE and BOBO
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RAO Amplitude and Phase Results and Observations

RAO amplitude and phase of heave and pitch motion, surge and sway force and roll
and yaw moment for the 3 meter separation, S knots, and 135° wave heading condition
are shown in Figures 37 and 38. The range of the phase plots has been extended to make
the plots continuous, instead of wrapping at 0° and 360°. Also plotted on Figures 37 and
38 are the RAO amplitude calculations that were dcveloped by SAIC for the same
condition. Correlation plots for the remaining seven test conditions are shown in
Appendix E.

The qualitative assessment of thc LAMP-MULTI results for all eight conditions
shows some general trends. First, thc RAO amplitudes agree quite well for all motions
and slightly less well for the moments and not well for the two forces. This is especially
true for the 33 and 16.5 meter separation, with a ship speed of 16 knots and 120° to 150°
heading. For both separation distanccs at head seas, 180° heading, only the hcave and
pitch motions correlated well. However, the 3-meter separation with a ship speed of 5
knots, the 180° heading showed excellent correlation for all six RAO amplitudcs, and for
the bow sea case, 135° heading, the heave and pitch motions and sway force correlatcd
well, and the surge force and roll and yaw moments not so well. Second, the phase
results show slightly more scatter though the trends follow the model test results in a
similar way to the RAO amplitudes.

In addition to the effort described above, SAIC was given two conditions from the
MARIN model test and ran LAMP-MULTI for those conditions in a separate
investigation. The conditions that SAIC was given were 33-meter separation, 150°
heading at a ship speed of 16 knots and 3-meter separation, 135° heading and a ship speed
of 5 knots. Because the output from LAMP is dependent upon the grid gencration, it is
interesting to note any differences in the output from LAMP-MULTI between the two
organizations. The SAIC results are plotted in Figures 37 and 38 and Figures E3 and E4
in Appendix E. SAIC presented the amplitudes of each of the motions, forces and
moments and the phases of the motion only. In general, the amplitudes of both results
were extremely close with just a few minor deviations. There were a few cases at some
frequencies where the results from the two calculations deviated from each other. In
those instances, it appeared that the results from one or the other calculations aligned
with the model test results. There was, however, no consistent pattern.
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AEGIR

AEGIR is currently being developed jointly at Flight Safety Technologies and
Applied Physical Sciences Corp. AEGIR is a time domain threc-dimensional B-spline
based Rankine boundary element method that predicts the potential flow around ships on
or near the water surface. It can be used both to predict the wave resistance and stcady
interaction forces for one or more ships in calm water or the unsteady motions and forces
for one or more ships in waves. 1t was developed initially for a single ship and was
extended to model multiple ships as part of the ONR-sponsored HSSL project. AEGIR 1s
based on the higher-order panel formulation used in WAMIT incorporated with the time
domain and Rankine singularity formulation used in SWAN-2. Thc initial development
of AEGIR began at MIT and continued after the developers of AEGIR left MIT to work
in industry. AEGIR differs from traditional panel methods in that it does not use flat
quadrilateral or triangular “pancls” to define the hull and water surface geometry with a
constant strength singularity distribution on each panel to dcfine the solution. Instead
AEGIR uses Non-Uniform Rational B-Spline (NURBS) surfaces to describe the hull and
water surface geometry as well as thc shape of the singularity distributions on those
surfaces. AEGIR 1s based on simple Rankine singularities and has no inherent limitations
on the forward speed of the ships. Options are available for obtaining a purcly linear
solution, or a solution that combines linear hydrodynamic forces with body nonlincar
incident wave and hydrostatic forces. The AEGIR formulation also allows for the
modeling of lifting surfaces such as foils and rudders directly in the boundary element
modcl, as opposed to including these as external forces. Viscous forces and non-
hydrodynamic forces such as forces from fenders or mooring lines can be included as
external forces in the time domain solution, but require the user to supply a routinc to
describe the forces.

Input description and Response Amplitude Operator Calculation

The input for AEGIR differs from the other tools evaluated for this study in that
the ship hull geometry needs to be defined as a set of NURBS surfaces as opposed to a
set of panel corncr points. AEGIR requires that the hull geometry be defined as surtaccs
using the file format of the Rhinoceros'™ surface modeling package, which is commonly
referred to as Rhino. The NURBS surfaces can be importcd into Rhino from an IGES
file or the NURBS surfaces can be created within Rhino from a sct of offsets or section
curves. For the HOPE and BOBO hull forms, the geometry was obtained from IGES
files produced at MARIN for the model construction. In principal AEGIR should have
the advantage of being able to go directly from the CAD description of the hulls used to
build the models to the input geometry description for the flow solver. In practice the
NURBS surfaces produced for modcl crcation or concept description are not always
acceptable, and some manipulation of the surfaces in Rhino is oftcn required. For
instance the tip of the bulbous skeg on the BOBO protruded just shightly above the calm
water surface which created some i1ssues for the automatic intersection routines in
AEGIR, so that the tip had to be pulled down slightly below the calm water surface. Also
a fcw surfaces had to be regenerated by cutting scction curves through the original
surface and then lofting those curves to create NURBS surfaces with a more rcgular
distribution of parametric curves. While somc user expcrtise had to be acquired to
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prepare the geometric surfaccs for the hulls, the input preparation was still faster than
would usually be required for building a good traditional panel model, and the fineness of
the discretization could be refined by simply changing a few numbers in onc of the
ASCII input files.

A portion of the water surface surrounding the ships is also modeled in AEGIR.
The code includes some automated free surface generation options for standard single
ship configurations, but for the HOPE and BOBO configuration, a set of surfaces
covering the calm water surface had to be created manually in Rhino. As the BOBO had
a wide blunt stern, it was found that a separate surface patch was required behind the
stern of the BOBO to obtain a good solution. The surfaces used for the 16.5-meter
separation cases are shown in Figure 39 and for the 3m separation cases in Figure 40.
The mesh shown on each surface does not represent a set of panel corner points, but
rather indicates the knot density along the B-Splines used to define the surfaces.

400

300 F

-100

-200

-300 f
-400 -200 0 200 400

Figure 39. AEGIR Geometric Surface Definition for 16.5m separation case
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Figurc 40. AEGIR Geometric Surface Definition for 3m scparation case

In addition to the Rhino files eontaining the geometry, several ASCII files are also
required to provide the values for each vessel such as speed, displacement, center of
gravity, initial position, gyradii, constraints on degrees of freedom, etc. During the
course of performing the AEGIR simulations, a few bugs were discovered which were
fixed by the code developers. AEGIR 1s less mature than most of the other codes in the
study, so this was not too unexpeeted when using the eode for new applieations suech as
multiple ships. In this study, the option to includc non-linear Froude-Krylov and
hydrostatic forees was not used, so a purely lincar response was computed. For the 3m
separation, 135° heading ease, two different linearization schemes werc used: the first
was linearization about the undisturbed free stream flow (Neumann-Kelvin linearization),
and the second was linearization about the “double body” flow, which is the flow that
would result past the ships at constant speed if the water surface was rcplaced with a
wall. For output, AEGIR produees a set of ASCII files in the TeePlot format, whieh
provide the time histories of the motions and forees on each body. Harmonic analysis of
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the time histories was performed using MatLab to compute the amplitude and phasc of
the transfer functions.

AEGIR RAO Amplitude and Phase Results and Observations

The correlation betwecn the AEGIR simulations and the MARIN model test
results are shown in Figures 41 and 42 for the case were the ships are traveling at five
knots, separated by 3 meters at a wave heading of 135°, bow quartering seas with the
BOBO on the leeward side. Plots showing the correlation for other combinations of
forward speed, separation distance, and wave heading are shown in Appendix F. For
the case shown in Figures 41 and 42, results from AEGIR are shown based both on the
simpler Neumann-Kelvin linearization and the double body flow linearization, referred to
as “AEGIR NK™ and “AEGIR DB respectively in the plot legend. The double body
linearization should in theory capture more of the three dimensional flow effects.
Comparing the results from the two forms of linearization indicatcd that this had
negligible influence on the transfer function amplitude and phase predictions for this
case.

In general AEGIR showed very good correlation with the MARIN data. Both the
amplitude and phases were predicted reasonably well for the heave and pitch motion of
both the HOPE and BOBO. As was the case for the other codes in the study, the
correlation of AEGIR with the MARIN data was better for the pitch and heave motion
transfer functions than it was for the force and moment transfer functions. However, the
force and moment transfer functions also correlated reasonably well with the MARIN
data for both amplitude and phase. The predictions for the HOPE correlated slightly
better than for the BOBO across the board, but only by a couple percent. Onc would
expect the interaction effects to be larger for the BOBO, which was on the leeward sidc
and the smaller of the two vessels. The corrclation for surge force amplitude was worse
than for the other forces and moments, while the correlation for the yaw moment
amplitude was the best. Overall the correlation for the moment amplitudes was better
than for the force amplitudes. The corrclation for phase is generally pretty good for both
forces and moments with no bias seen in terms of which ship or force component is
examined. On the average, phases were predicted within 40 degrees.
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Figure 41. Heave, pitch and surge force RAOs for 3m separation, 135° heading, 5 knot

double body flow linearization (AEGIR DB).
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QUANTITATIVE CORRELATION - PERCENT DIFFERENCES

In order to quantitatively ascertain the degree of correlation of the predictions
from each of the six programs to the model test results, percent differcnee tables were
generated. The pereent difference between the model test results and FD-Waveload
predictions were also computed and are included in the tables. Although FD-Waveload
was not one of the six codes selected for the correlation study, 1t was used to generate the
input for the MVS and MVTDS tools, and represents the best correlation achievable by
codes based on coefficients computed by FD-Waveload. The perecent difference 1s
calculated by first taking the difference between the predicted motion/force/moment
RAO amplitude and phase at cach frequency and the model test results. The resulting
value for the amplitudes are then normalized by dividing the resulting difference by the
largest value of amplitude over all headings and frequencies from the model test for the
same separation distance and ship speed, referred to here as the baseline (see equation
14). The phase difference was normalized by dividing the result by 360 (sec equation
15). The final results are then multiplied by 100 to yield the pereent difference.

PDRA()Amleude =i 00 W ( 1 4)
baseline
PD g sophas. =100 W (15)

For each of the six simulations used in this code evaluation, the pereent
differences were first calculated for each of the six model test frequencies of the RAO
amplitude and phase of the motions, forces and moments for cach of the eight model test
conditions. They were calculated separately for each model, HOPE and BOBO. The
signs for the percent difference were kept at this point to show if the motion, foree, or
moment was over or under predicted by the codes in comparison to the model test results.
An cxample of the results of these percent diffcrence calculations for the HOPE heave
and pitch motion arc shown in Tables 8 through 11. Tables 8 and 9 show heave motion
RAO amplitude and phase respectively for the HOPE, and Tables 10 and 11 show the
pitch motion RAO amplitude and phase respectively for the HOPE. Also in each of these
tables is an average of the absolute values of the percent differences across the
frequencics. This can help identify the simulation code that obtains the best overall
correlation with the model test results for the particular ship and condition. A complete
set of tables for both ships for each degree of freedom for all cight combinations of
speed, heading and separation distanee has been compiled and is available clectroniecally
in Excel format upon request from the authors. The complete list of tables was too large
to include in the report.  As can be seen, from just these two motions and one eondition
shown 1n Tables 8 through 11, the MVS-CSC and MVTDS correlate less well with the
model test data than the other simulation codes, while FD-Waveload, which was used to
gencrate the mnput force coefticients for both of those tools, correlates fairly well.
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Table 8. Percent Difference of RAO Amplitudes for Heave Motion of HOPE
Test condition: 3 meter separation, 5 knots and 135 degree heading

HOPE - Heave Amplitude

Freq (rad/s) MVS MVTDS | FD-Waveload | AQWA [ShipMo3D{ LAMP AEGIR
0.40 -27.48 17.88 -5.56 -11.35 -6.95 -2.72 -4.80
0.50 -25.08 43.41 0.53 -9.23 -0.73 -7.50 -1.47
0.60 16.37 82.82 -2.18 -0.34 -1.59 0.83 15.61
0.70 -11.40 31.52 0.98 0.29 -2.56 -3.01 -6.46
0.80 30.40 10.67 1.60 4.04 6.34 8.53 2.96
0.95 12.30 -9.45 17.45 -2.77 12.32 0.95 -1.72

Average 20.50 32.63 4.72 4.67 5.08 3.92 5.50

Table 9. Percent Difference of RAO Phase for Heave Motion of HOPE
Test condition: 3 meter separation, 5 knots and 135 degree heading

HOPE - Heave Phase
Freq (rad/s)] MVS MVTDS |FD-Waveload] AQWA |ShipMo3D| LAMP AEGIR
0.40 -8.07 29.79 3.46 4.56 5.28 5.09 6.87
0.50 -19.36 15477 -0.11 3.51 3.06 3.41 7.30
0.60 -38.90 3.65 26.61 3472 25.56 19.97 24 .95
0.70 7.57 2408 -8.85 -1.46 -2.22 -0.64 -1.02
0.80 -4.93 19.74 -8.57 1.25 -1.94 0.03 4.06
0.95 -34.53 11.29 16.87 -42.14 15.28 4.93 15.22
Average 18.89 17.39 10.75 14.61 8.89 5.68 9.90

Table 10. Percent Difference of RAO Amplitude for Pitch Motion of HOPE
Test condition: 3 meter separation, 5 knots and 135 degree heading

HOPE - Pitch Amplitude
Freq (rad/s)) MVS MVTDS |[FD-Waveload] AQWA |ShipMo3D| LAMP AEGIR
0.40 -15.04 -9.42 -3.52 -9.31 -5.41 -3.39 -3.65
0.50 -21.81 9.58 412 5.87 1.06 212 2.87
0.60 -40.38 36.44 -5.53 -1.17 -5.95 -2.42 -2.14
0.70 -7.49 25.40 -1.05 -8.14 -2.53 -7.48 -4.17
0.80 16.76 -9.43 7&74 11.00 549 -3.90 4.07
0.95 11.63 13.56 12.52 21.72 28.22 -1.74 0.98
Average 18.85 17.31 5.74 9.54 8.06 315 2.98
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Tablc 11. Percent Difference of RAO Phase for Pitch Motion of HOPE
Test condition: 3 meter separation, S knots and 135 degree heading

HOPE - Pitch Phase

Freq (rad/s)] MVS MVTDS |FD-Waveload] AQWA ShipMo3D| LAMP AEGIR
0.40 -45.49 -5.23 0.96 5.46 278 2.01 2.97
0.50 -44 71 -14.29 1.37 6.36 4.44 4.68 5.19
0.60 46 .07 -26.44 -1.29 3.56 3.89 2.42 3.44
0.70 1.83 34.87 -6.67 0.17 -2.78 -2.52 -4.53
0.80 -14.88 -0.92 -12.67 -2.02 -4.17 -2.06 -0.77
0.95 48.67 -23.35 1.24 48.38 -3.61 38.09 -12.67
Average 33.61 17.52 4.03 10.99 3.61 8.63 493

To cxamine the quality of the eorrelation of the predicted output from the eodes
with the modcl test data and relative to each other for all six degrees of freedom for the 3-
mcter separation, 5 knot 135 dcgree heading case, the results for each dcgrec of freedom
were averaged over all the frequeneies. This eomparison is shown in Tables 12 through
15. Notc that the absolute values of the percent differences are averaged over all
frequeneics, so any indieation as to whether the codes over or underprediet the model test
values is lost. Each row in Tables 12 through 15 is equivalent to the last “*Average™ row
of a table in the format of Tables 8 though 11. For instance, the first row in Table 12
showing the average heave amplitude is the same as the last row in Tablc 8. 1t can be
observed that the eorrelation for heave and pitch motions is better than for the forees and
moments for both ships at this eondition for every eode included in the study. Also, by
eomparing Tables 11 and 12, it can be scen that all the eodes with the exeeption of MVS
and MVTDS predict the hcave and piteh motions for the HOPE noticeably bettcr than for
the BOBO for this casc. The BOBO was the smaller of the two ship and was on the
leeward side, so it would be expected that the ship interaction effects would be have a
greatcr influenee on the BOBO. These trends were also observed for the other seven
conditions that were cxamined. Tables showing the percent differcnces averaged over
the frequeney range for each ship and degree of freedom for the other seven eonditions
are included in Appendix G.

One measure of the quality of the eorrelation is to relate the percent differences
listed in Tables 12 and 13 to the model test 95% confidence limits listed in Tablc 7b,
which are normalized in the same manner as the percent difference values. The model
test U95% values ranged from | to 5 pereent. By this measure the heave and pitch
predictions for HOPE can be judged as good for all the codes other than MVS and
MVTDS as their the percent differenee values fall within or are elose to the 95%
confidence limits of the experimental uncertainty. The percent differenec values for the
heavc and piteh amplitude predietions for BOBO are about twice the U95% values. The
pcrcent differenee valucs for the predietions of the surge, sway, roll and yaw amplitudes
are all mueh larger than the U95% valucs listed in Table 7b. Thcre is also uncertainty in
the eomputational values. This was touched upon briefly in the discussion of the LAMP
eode, by examining the influence of gridding and comparing independent LAMP
ealculations for the same eases performed at SAIC and NSWCCD. However, no
quantitative analysis of the computational uncertainty was performed during the current
study.
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Table 12. Percent Difference for motion, force and moment amplitudes for HOPE, test
condition: 3 meter separation, 5 knots and 135 degree heading.

Amplitude Percent Differences for HOPE

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 20.50 | 32.63 472 4.67 5.08 3.92 5.50
Pitch | 18.85 | 17.31 5.74 9.54 8.06 3.51 2.98
Surge | 9.41 24 .80 14.49 14.75 15.71 2040 | 20.98
Sway | 28.61 | 31.31 48.49 37.30 20.95 20.09 | 17.62
Roll 26.81 | 23.50 38.32 32.13 211.04 1563 | 18.57
Yaw 35.75| 20.40 24.43 23.45 363.46 16.31 | 13.71

Table 13. Percent Difference for motion, force and moment amplitudes for BOBO, tcst
condition: 3 meter separation, 5 knots and 135 degree heading.

Amplitude Percent Differences for BOBO

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 20.89 | 33.81 13.96 12.78 10.76 843 9.00
Pitch | 20.26 | 26.25 12.30 12.18 20.88 8.34 | 10.33
Surge | 10.31 | 2849 18.73 22.97 31.53 22.87 | 20.72
Sway | 38.54 | 28.46 74.90 55.87 12.38 2769 | 18.62
Roll 20.39 | 27.77 14.87 22.27 298.71 2046 | 17.81
Yaw 18.25 | 15.40 31.93 30.78 818.29 23.84 | 17.57

Table 14. Percent Difference for motion, force and moment phases for HOPE, test
condition: 3 meter separation, 5 knots and 135 degree heading.

Phase Percent Differences for HOPE

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 18.89 | 17.39 10.75 14.61 8.89 5.68 9.90
Pitch | 33.61 17.52 4.03 10.99 3.61 8.63 4.93
Surge | 9.92 37.70 26.08 20.43 14.86 13.52 | 13.58
Sway | 27.12 | 27.40 43.24 8.16 14.63 8.58 11.56
Roll 23.39 | 20.09 38.50 7.41 27.08 12.30 7.45
Yaw 20.73 | 31.15 33.25 15.67 33.98 14.85 | 8.38

Table 15. Percent Difference for motion, force and moment phases for BOBO, test
condition: 3 meter separation, 5 knots and 135 degree heading.

Phase Percent Differences for BOBO

MVS | MVTDS | FD-Waveload [ AQWA | ShipMo3D | LAMP | AEGIR
Heave | 16.27 | 33.39 19.01 6.66 4.21 3.67 BT
Pitch | 26.85 | 25.97 21.47 10.83 4.40 1212 | 7.72
Surge | 24.67 | 24.80 34.50 15.55 20.32 14.83 | 17.77
Sway {2205 27.21 40.21 20.14 35.79 4.90 5.83
Roll 34.65 27 .44 37.06 19.62 25.23 825 18.80
Yaw 28.31 | 35.50 36.57 17.98 31.48 9.25 5.69
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Overall Average Percent Difference

To obtain a measure of how well the simulations eorrelate with the model test
results over the eight conditions, the pereent differences were averaged over the motions
(heave and piteh), forees (surge and sway) and moments (roll and yaw) that were
measured. The results of this averaging for amplitudes are shown in Table 16 and for
phase in Table 17. While 1t is impossible to eondense the entire correlation study down
to a single numerieal value for each code, Tables 16 and 17 give a coneise overall
indication of how well each tool eorrelated with the model test data. These tables show
the MVS-CSC and MVTDS amplitudes correlate the least well with the model test data
exeept for ShipMo3D which eorrelates the least well of any of the simulation predictions
for the roll and yaw moment amplitudes. The methods based on Rankine panel methods.
LAMP and AEGIR, show the best overall eorrelation for motion, foree and moment
amplitudes. The phase eorrelation is quite different in that, over all the simulation eodes.

the correlation was rather uniform, about 15 to 25 pereent difterence.

Table 16. Percent Difference of RAO Amplitudes Averaged Over All Eight Model Test
Conditions for Both the HOPE and BOBO

Motion Amplitudes for Heave and Piteh

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
HOPE 27.83 | 39.90 11.48 8.56 7.20 5.90 6.02
BOBO 3091 | 43.86 20.93 12.91 12.49 7.99 8.16
Both Ships §29.37| 41.88 16.20 10.73 9.84 6.94 7.09
Force Amplitudes for Surge and Sway
MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
HOPE 57.87| 78.90 28.18 35.56 35.99 27.82 | 27.01
BOBO [ 77.52] 9I1.16 32.64 41.01 38.31 29.57 | 31.97
Both Ships | 67.70| 85.03 30.41 38.28 37.15 28.70 | 29.49
Moment Amplitudes for Roll and Yaw
MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
HOPE 5823 72.22 24.04 28.32 161.32 14.18 14.36
BOBO |50.79| 58.95 33.23 42.50 288.19 18.42 | 18.08
Both Ships | 54.51| 65.59 28.64 35.41 224.76 1630 | 16.22
Average Percent Difference for All Amplitudes
_ |MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
HOPE [47.97] 63.67 21.23 2414 | 68.17 | 1597 | 1579
BOBO [53.07] 64.66 28.93 32.14 113.00 18.66 | 19.40
Both Ships 50.52| 64.16 25.08 28.14 90.58 17.31 | 17.60
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Table 17

. Percent Difference of RAO Phase Angles Averaged Over All Eight Model
Test Conditions for Both the HOPE and BOBO

Phase of Heave and Pitch Motion

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
HOPE 2353 | 2642 307 995 10.20 9.50 8.57
BOBO 2535 ] 22.86 18.41 10.20 11.54 9.09 11.47
Both Ships || 24.44 | 24.64 15.79 10.07 10.87 9.30 10.02
Phase of Surge and Sway Force
MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
HOPE 2454 | 23.77 19.45 18.78 23.36 16.37 | 18.78
BOBO 26.04 | 24.99 19.84 16.98 2759 17.20 | 18.68
Both Ships | 25.29 [ 24.38 19.64 17.88 25.36 16.78 | 18.73
Phase of Yaw and Roll Moments
MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
HOPE 2439 | 25.75 17.60 17.75 25.60 18.43 | 19.18
BOBO 2729 2670 24.45 20.97 24.40 19.82 | 21.96
Both Ships | 25.83 | 26.22 2502 19.36 25.00 19.13 | 20.57
Average Percent Difference for All Phases ‘
MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
! HOPE 24.15 | 2531 16.74 15.49 19.72 14.77 | 15.51
BOBO 26.22 | 24.85 20.90 16.05 21.10 I5.87.. | 1¥.87
Both Ships || 25.19 | 25.08 18.82 15:77 20.41 15.07 | 16.44
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SUMMARY

Six multi-vessel motion predietion codes were evaluated to determine their utility
in predieting the motions of ships in close proximity in a seaway. First the fcatures of
cach code were compared against a matrix of required capabilities. The result of this
evaluation showed the following. First, all codes can model the important environmental
factors that influence ship motions in the seabase. Second, all codes ean accommodate
two or morc vessels in close proximity with the geometry of these hulls vessels either
monohull or multi-hull forms and configured in any arbitrary steady state arrangement.
Modifications to all the codes are required to model SES, ACV, and forces from ramps
and cranes. Third, LAMP-MULTI and AEGIR are capable of modeling the non-linear
free surfacc boundary condition, whereas all the other codes use the free stream
linearized frec surface condition. Additionally, AQWA, ShipMo3D, LAMP-MULTI, and
AEGIR arc capable of including body nonlinear hydrostatic and Froude-Krylov wave
forces. Finally, to account for the non-hydrodynamic forces and controls, LAMP-
MULTI, AEGIR and AQWA allow for uscr supplied force routines in the time domain.
Only AQWA, LAMP-MULTI, MVS and MVTDS include some built-in models for
mooring lines and fenders. The autopilot feature for multiple ships and thce ability to
simulate overtaking scenarios ean only be exercised in the MVS and MVTDS codes.

The output from cach of the six codes was also correlated with specific conditions
from a model test. The result of this correlation showed the following trends. First, for
pitch and heave RAO amplitude corrclation, LAMP-MULTI, AEGIR, AQWA, and
ShipMo3D resulted in only 10% difference from the model tests whereas the MVS and
MVTDS wecre on the order of 30% variability. The surge and sway foree and roll and
yaw momcnt amplitude eorrelation resulted in LAMP-MULTI and AEGIR predictions
being roughly 20% different from the model test, with AQW A being 35% differcnt, the
MVS and MVTDS ceodes 60 and 75 percent off, and finally ShipMo3D is 130% off from
the modcl test results. For phase correlation, pitch and hcave were uniformly 10% off tor
all the codes except the two MVS codcs which were roughly 25% off. The force and
moment phases were uniformly 20 to 25 % off of the model test results with LAMP-
MULTI being the best at 17%.

The final findings of this evaluation showed that the codes with more
sophisticated methodology in predicting the motions yielded better prediction results by a
small margin. Some of the more sophisticated codes are still in the developmental stages
and therefore do not have all the funetions of more mature ecodes. Additionally, MVS
and MVTDS were developed to predict the motions for the unsteady case which this
evaluation did not cover. Finally, between January 1, 2008 and the datc of this report, the
CSC MVS code was substantially reworked and that could potentially improve its results.
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and the concept of applying the lid to account for viscous damping not present in the
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APPENDIX A. CSC MultiVessel Simulator
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Figure Al. HOPE Heave and Pitch Motion and Surge Force RAO Amplitude and Phase
for 3 meter separation, 180 degree wave heading, and 5 knots ship speed.
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Figure A2. HOPE Sway Force and Roll and Yaw Moment RAO Amplitude and Phase for
3 meter separation, 180 degree wave heading, and 5 knots ship speed.
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Figure A3. BOBO Heave and Pitch Motion and Surge Force RAO Amplitude and Phase
for 3 meter separation, 180 degree wave heading, and 5 knots ship speed.
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Figure A4. BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and Phase
for 3 meter separation, 180 degree wave heading, and 5 knots ship speed.
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Figure AS. HOPE Heave and Pitch Motion and Surge Force RAO Amplitude and Phase

for 16.5 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure A6. HOPE Sway Force and Roll and Yaw Moment RAO Amplitude and Phase for
16.5 meter separation, 120 degree wave heading, and 16 knots ship speed.

88



= -0 —- CSC-MVS BOBO £ MARIN BOBO
—--@— - CSCV&Y BOBO ¥ FDWaveload BOBO
3 : 540 , —
£ 25} ; 4 Pug =
g A S 450} Q ¥, %]
= ’/ \ e ' 7 R
4 2 g \ 1 e i\ B @
E / o oA Py
2 / ) & . 1N s =i o
E s} ‘ 1 ] o 360} .ll. O\ ® i :
0 ¢-ax A 2 i &% ®
& 4 ’-ik'.\.'- oGt o . Y d@r 2 :
o A J-AANNAY 3 ! % AT
% ([ 2 b 3 om0} T :
= of Y. " ! £ s
T 08 *‘;'i(f"“--- é! % ‘_\ %
5 . b *,
0 . : g'-{* 180 " . .
0i2 04 06 08 10 02 04 06 08 10
Incident Wave Frequency (rad/sec) Incident VWave Frequency (rad/sec)
3 . — 450 .
[
- 14y 1 *
26 1 1 o
£ Y Ry G A (.
= Y g Q VRN /*-('\
Py iy e il N/ % B p
B oo ® o701 ] bf; N 2
% ! Al & ® \g : X
o J 3 < 1e0f ¥ . S
o} ] - * ®.: :
g 1 \ = *‘ LB
x *‘: ’ 9 % % *
g D__ ]
g 05¢ z . §‘ ~ & 2L p *
o ;— *
0 L s i F t 0 L s L "
02 04 06 08 10 02 04 06 08 10
incident Wave Frequency (rad/sec) Incident Wave Frequency (rad/sec)
2 , . 720 .
% = 630
L4}
Z 15} 1S
3 @ 540 ¢ :
3 Q 2
5 o
% ‘t\ o 450 o o
g 1 PR i< N
< I T 360 /A W ®
2 o £ f X9 o,
r4 d e |\ & 270 .;’.\\ /g’ e
g 05} ‘/ \‘ 41 g / \ P
2 13 ) 3 ] / ¥
£ P ~ @ 180 ]
5 68 4 REW 4
0?) 0 i "’ i g0 i L " 1
052 04 08 10 02 04 06 08 10

Figure A7. BOBO Heave and Pitch Motion and Surge Force RAO Amplitude and Phase
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Figure A8. BOBO Sway Force and Roll and Yaw Moment for 16.5 meter separation, 120
degree wave heading, and 16 knots ship speed.
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Figure A9. HOPE Heave and Pitch Motion and Surge Force RAO Amplitude and Phase
for 16.5 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure A10. HOPE Sway Force and Roll and Yaw Moment for 16.5 meter separation,
150 degree wave heading, and 16 knots ship speed.
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Figure Al11. BOBO Heave and Pitch Motion and Surge Force RAO Amplitude and Phase
for 16.5 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure A12. BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and Phase
for 16.5 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure A13. HOPE Heave and Pitch Motion and Surge Force RAO Amplitude and Phase
for 16.5 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure A14. HOPE Sway Force and Roll and Yaw Moment RAO Amplitude and Phase
for 16.5 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure A15. BOBO Heave and Piteh Motion and Surge Force RAO Amplitude and Phase
for 16.5 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure A16. BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and Phase
for 16.5 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure A18. HOPE Sway Force and Roll and Yaw Moment RAO Amplitude and Phase
for 33 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure A19. BOBO Heave and Pitch Motion and Surge Force RAO Amplitude and
Phase for 33 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure A20. BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and Phase
for 33 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure A22. HOPE Sway Force and Roll and Yaw Moment RAO Amplitude and Phase
for 33 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure A23. BOBO Heave and Pitch Motion and Surge Forece RAO Amplitude and
Phase for 33 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure A24. BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and Phase
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for 33 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure A25. HOPE Heave and Pitch Motion and Surge Force RAO Amplitude and Phase
for 33 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure A26. HOPE Sway Force and Roll and Yaw Moment RAO Amplitude and Phase
for 33 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure A27. BOBO Heave and Pitch Motion and Surge Force RAO Amplitude and
Phase for 33 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure A28. BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and Phase
for 33 meter separation, 180 degree wave heading, and 16 knots ship speed.
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APPENDIX B. D&P MultiVessel Time Domain Simulator
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Figure B1. HOPE, BOBO Heave and Pitch and Surge Force RAO Amplitude and Phase
for 3 meter separation, 180 degree wave heading, and 5 knots ship speed.
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Figure B2. HOPE, BOBO Sway force and Roll and Yaw moment RAO Amplitude and
Phase for 3 meter separation, 180 degree wave heading, and 5 knots ship speed.
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Figure B3. HOPE, BOBO Heave and Pitch and Surge Force RAO Amplitude and Phase
for 16.5 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure B4. HOPE, BOBO Sway Foree and Roll and Yaw moment RAO Amplitude and
Phase for 16.5 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure BS. HOPE, BOBO Heave and Piteh and Surge Foree RAO Amplitude and Phase
for 16.5 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure B6. HOPE, BOBO Sway force and Roll and Yaw Moment RAO Amplitude and
Phase for 16.5 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure B7. HOPE, BOBO Heave and Pitch and Surge Force RAO Amplitude and Phase

for 16.5 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure B8. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 16.5 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure B9. HOPE, BOBO Heave and Pitch and Surge Force RAO Amplitude and Phase
for 33 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure B10. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 33 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure BI'1. HOPE, BOBO Heave and Pitch and Surge Forcc RAO Amplitude and Phase
for 33 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure B12. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 33 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure BI13. HOPE, BOBO Heave and Pitch and Surge Force RAO Amplitude and Phase
for 33 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure B14. HOPE, BOBO Sway force and Roll and Yaw Moment RAO Amplitude and
Phase for 33 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure C1. HOPE, BOBO Heave and Pitch and Surge Force RAO Amplitude and Phas
for 3 meter separation, 180 degree wave heading, and 5 knots ship speed.
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Figure C2. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and

Phase for 3 meter separation, 180 degree wave heading, and 5 knots ship speed.
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Figure C3. HOPE, BOBO Heave and Piteh and Surge Foree RAO Amplitude and Phase
for 16.5 meter scparation, 120 degree wave heading, and 16 knots ship speed.
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Figure C4. HOPE, BOBO Sway force and Roll and Yaw Moment RAO Amplitude and
Phase for 16.5 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure C5. HOPE, BOBO Heave and Piteh and Surge Foree RAO Amplitude and Phase
for 16.5 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure C6. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 16.5 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure C7. HOPE, BOBO Heave and Pitch and Surge Force RAO Amplitude and Phase
for 16.5 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure C8. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 16.5 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure C9. HOPE, BOBO Heave and Pitch and Surge Force RAO Amplitude and Phase
for 33 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure C10. HOPE, BOBO Sway force and Roll and Yaw Moment RAO Amplitude and
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Phase for 33 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure C12. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 33 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure C13. HOPE, BOBO Hecave and Pitch and Surge Force RAO Amplitude and Phase
for 33 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure C14. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and

Incident Wave Frequency (rad/sec)
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Phase for 33 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure D1. HOPE, BOBO Heave and Pitch and Surge Force RAO Amplitude and Phase
for 3 meter separation, 180 degree wave heading, and 5 knots ship speed.
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Figure D2. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 3 meter separation, 180 degree wave heading, and 5 knots ship speed.
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Figure D3. HOPE, BOBO Heave and Pitch Motions and Surge Force RAO Amplitude
and Phase for 16.5 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure D4. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 16.5 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure DS. HOPE, BOBO Heave and Pitch Motions and Surge Force RAO Amplitude
and Phase for 16.5 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure D6. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phasc for16.5 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure D7. HOPE, BOBO Heave and Pitch Motions and Surge Force RAO Amplitude
and Phase for 16.5 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure D8. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase forl6.5 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure D9. HOPE, BOBO Heave and Pitch Motions and Surge Force RAO Amplitude
and Phase for 33 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure D10. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 33 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure D12. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 33 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure D14. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 33 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure E4. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 16.5 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure ES. HOPE, BOBO Heave and Pitch Motion and Surge Force RAO Amplitude and
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Figure E6. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 16.5 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure E8. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 16.5 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure E9. HOPE, BOBO Heave and Pitch Motion and Surge Force RAO Amplitude and

Phase for 33 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure E10. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 33 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure E11. HOPE, BOBO Heave and Pitch Motion and Surge Force RAO Amplitude
and Phase for 33 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figure E12. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 33 meter separation, 150 degree wave heading, and 16 knots ship speed.
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Figurc E13. HOPE, BOBO Heave and Pitch Motion and Surge Force RAO Amplitude
and Phase for 33 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure E14. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 33 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure Fi. HOPE, BOBO Heave and Pitch Motion and Surge Force RAO

Amplitude and Phase for 3 meter separation, 180 degree wave heading, and 5 knots

ship speed.
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Figure F2. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude
and Phase for 3 meter separation, 180 degree wave heading, and 5 knots ship speed.
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Figure F3. HOPE, BOBO Heave and Pitch Motion and Surge Force RAO Amplitude and
Phase for 16.5 meter separation, 120 degree wave heading, and 16 knots ship speed.
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Figure F4. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude
and Phase for 16.5 meter separation, 120 degree wave heading, and 16 knots ship
speed.
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Figure F5. HOPE, BOBO Heave and Pitch Motion and Surge Force RAO
Amplitude and Phase for 16.5 meter separation, 150 degree wave heading, and 16
knots ship speed.
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Figure F6. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude
and Phase for 16.5 meter separation, 150 degree wave heading, and 16 knots ship
speed.
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Figure F7. HOPE, BOBO Heave and Pitch Motion and Surge Force RAO

Amplitude and Phase for 16.5 meter separation, 180 degree wave heading, and 16

knots ship speed.
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Figure F8. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO Amplitude and
Phase for 16.5 meter separation, 180 degree wave heading, and 16 knots ship speed.
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Figure F9. HOPE, BOBO Heave and Pitch Motion and Surge Force RAO
Amplitude and Phase for 33 meter separation, 120 degree wave heading, and 16

knots ship speed.
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Figure F10. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO
Amplitude and Phase for 33 meter separation, 120 degree wave heading, and 16
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Figure F11. HOPE, BOBO Heave and Pitch Motion and Surge Force RAO
Amplitude and Phase for 33 meter separation, 150 degree wave heading, and 16

knots ship speed.
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Figure F12. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO
Amplitude and Phase for 33 meter separation, 150 degree wave heading, and 16
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Figure F13. HOPE, BOBO Heave and Pitch Motion and Surge Foree RAO
Amplitude and Phase for 33 meter separation, 180 degree wave heading, and 16
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Figure F14. HOPE, BOBO Sway Force and Roll and Yaw Moment RAO
Amplitude and Phase for 33 meter separation, 180 degree wave heading, and 16

knots ship speed.
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APPENDIX G. PERCENT DIFFERENCE TABLES OF REMAINING
CONDITIONS FOR HOPE AND BOBO

Table G1. Percent Difference for motion, force and moment amplitudes for HOPE, Test
condition: 3 meter separation, 5 knots and 180 degree heading.

Amplitude Percent Differences for HOPE

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 13.63 | 16.65 4.86 7.64 6.83 5.11 5.53
Pitch | 14.95| 12.23 11.73 14.65 9.42 9.10 6.03
Surge | 16.55 | 7.92 22.85 25.30 19.95 9.42 9.78
Sway {34.25| 38.70 40.15 35.10 43.95 11.91 | 16.71
Roll 3096 | 3297 54.05 40.02 203.91 11.66 | 14.60
Yaw 2347 | 22.64 64.12 55.35 287.24 7.37 12.94

Table G2. Percent Difference for motion, forece and moment amplitudes for BOBO., Test
condition: 3 meter separation, 5 knots and 180 degree heading.

Amplitude Percent Differences for BOBO

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 18.18 | 16.17 3.:35 4.40 6.89 4.04 5.92
Pitch | 19.76 | 16.73 19.85 20.77 10.00 13.09 | 12.15
Surge | 23.96 | 10.48 39.38 37.20 31.62 18.82 | 18.50
Sway | 23.56 | 22.66 44.82 36.70 67.19 13.24 | 17.24
Roll 35.32 | 32.50 27.23 42.23 592.02 9.65 | 18.75
Yaw 49.27 | 51.03 111.58 92.36 449.81 11.35 | 11.93

Table G3. Pereent Difference for motion, force and moment phases for HOPE, Test
condition: 3 meter separation, 5 knots and 180 degree heading.

Phase Percent Differences for HOPE

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 19.17 | 30.20 13.99 6.73 7.55 9.31 4.92
Pitch | 25.25 | 29.85 12.30 4.07 7.82 6.34 6.30
Surge | 22.18 | 23.90 28.06 19.96 20.79 21.25 | 16.32
Sway | 17.89 | 16.18 2714 23.06 21.02 31.19 | 32.33
Roll 15.14 | 33.93 17.53 36.99 21.11 4563 | 42.54
Yaw 30.01 25.62 22.65 28.70 18.24 37.32 | 41.19

Table G4. Percent Difference for motion, foree and moment phases for BOBO, Test
condition: 3 meter separation, 5 knots and 180 degree heading.

Phase Percent Differences for BOBO

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave { 29.41 14.77 5.87 6.78 13.24 9.98 4.49
Pitch 27.35 25.93 8.84 8.03 3.47 9.74 9.71
Surge | 21.40 27.42 26.18 22.94 22.73 11.41 9.18
Sway | 17.57 | 20.22 24.90 20.65 14.68 40.99 | 4262
Roll 27.28 | 31.06 17.99 35.80 20.05 38.73 | 41.31
Yaw 23.04 | 1479 20.90 30.16 25.28 37.59 | 33.43
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Table G5. Percent Difference for motion, force and moment amplitudcs for HOPE, Test
condition: 16.5 meter separation, 120 degree wave heading, and 16 knots ship specd.

Amplitude Percent Differences for HOPE

FD-

MVS | MVTDS | Waveload AQWA | ShipMo3D | LAMP | AEGIR
Heave | 35.41 70.15 11.86 9.56 7.46 6.75 9.98
Pitch 64.41 55.91 9. it 8.80 5.14 9.88 9.57
Surge | 37.81 54.48 38.45 36.87 28.83 38.94 | 39.54
Sway | 182.26 | 140.83 38.80 38.92 45.39 23.67 | 2599
Roll 2263 | 3740 24.03 2275 175.30 17.00 | 14.39
Yaw 226.88 | 135.30 23.21 18.42 74.70 11.82 | 10.16

Table G6. Percent Difference for motion,

force and moment amplitudes for BOBO, Test

condition: 16.5 meter separation, 120 degree wave heading, and 16 knots ship speed.

Amplitude Percent Differences for BOBO

FD-

MVS | MVTDS | Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 28.34 | 70.14 16.27 827 | 1263 | 11.86| 8.48
Pitch | 8245 | 56.15 16.98 1283 | 1854 | 3.86 | 4.99
Surge | 78.65 | 54.01 40.92 2529 | 3357 | 4136 | 47.33
Sway | 262.61 | 177.29 27.72 2705 | 3851 |[17.01 | 18.96
Roll | 93.15 | 5554 2335 2640 | 22149 |[29.03 | 30.53
Yaw | 88.25 | 63.35 58.84 5453 | 27124 [12.38 | 9.33

Tablec G7. Percent Difference for motion,

force and moment phases for HOPE, Test

condition: 16.5 meter separation, 120 degree wave heading, and 16 knots ship spced.

Phase Percent Differences for HOPE

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 34.82 | 19.25 7.84 2.45 4.77 3.60 7.57
Pitch 9.01 30.31 12.60 10.06 10.23 9.68 7.66
Surge | 34.13 | 28.97 33.83 14.19 26.53 14.26 | 13.45
Sway | 3496 | 26.70 40.26 7.70 30.37 5.63 14.25
Roll 21.26 | 16.80 36.52 11.47 35.14 8.71 11.42
Yaw 24.18 | 33.00 43.90 5.74 21.76 4.01 5.11

Table G8. Percent Difference for motion, force and moment phases for BOBO, Test
condition: 16.5 meter separation, 120 degree wave heading, and 16 knots ship specd.

Phase Percent Differences for BOBO

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 28.92 | 25.52 23.03 4.43 7.69 7.05 | 24.08
Pitch | 2262 | 11.23 27.59 9.04 7.64 434 | 20.34
Surge | 34.54 | 22.01 22.47 5.24 34.72 15.72 | 30.69
Sway | 26.72 | 18.28 25.85 19.49 29.21 11.50 | 15.83
Roll 2493 | 30.86 34.77 16.49 23.75 15.63 | 23.99
Yaw 21.23 | 25.65 20.22 9.80 18.70 10.75 | 23.62
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Table G9. Pereent Difference for motion, foree and moment amplitudes for HOPE, Test
condition: 16.5 meter separation, 150 degree wave heading, and 16 knots ship speed.

Amplitude Percent Differences for HOPE

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 6.86 | 2858 6.54 5.85 7.22 3.91 3.89
Pitch | 16.26 | 6.07 7.89 4.90 6.45 10.14 | 9.45
Surge | 16.19 | 27.18 30.23 33.21 30.38 39.73 | 34.32
Sway | 6799 | 67.55 48.45 51.96 70.47 19.31 | 20.06
Roll 15.86 | 13.40 10.42 7.00 138.44 14.11 | 14.96
Yaw 37.35| 82.05 27.80 30.30 146.42 25.06 | 19.54

Table G10. Pereent Differenee for motion, force and moment amplitudes for BOBO,
Test condition: 16.5 meter separation, 150 degree wave heading, and 16 knots ship speed.

Amplitude Percent Differences for BOBO

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 9.67 18.42 15.34 8.50 7.32 11.55 | 8.59
Pitch | 11.51 | 3349 25.61 19.68 13.61 5.34 4.92
Surge | 27.40 | 33.35 35.10 29.44 49.23 43.93 | 55.26
Sway | 77.65| 113.55 52.33 59.59 72.06 31.39 | 29.96
Roll 27.08 | 32.35 18.14 18.89 173.30 20.69 | 27.20
Yaw 4154 | 45.66 23.07 31.73 290.63 31.63 | 22.11

Table GI1. Pereent Difference for motion, foree and moment phases tor HOPE, Test
condition: 16.5 meter separation, 150 degree wave heading, and 16 knots ship speed.

Phase Percent Differences for HOPE

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 19.76 | 15.68 13.37 11.84 15.14 7.55 9.36
Pitch | 2457 | 28.23 11.34 12.59 6.48 10.29 5.41
Surge | 19.56 | 17.46 25.50 17.84 22.50 13.63 | 17.50
Sway | 15.85 | 14.91 2507 23.15 35.79 9.12 10.35
Roll 28.16 | 20.58 35.92 18.21 22.69 13.10 8.52
Yaw 29.13 | 26.17 39.71 8.62 16.44 7.35 5.55

Table G12. Pereent Differenee for motion, force and moment phases tor BOBO, Test
condition: 16.5 meter separation, 150 degree wave heading, and 16 knots ship speed.

Phase Percent Differences for BOBO

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 23.96 | 23.12 16.82 13.60 20.83 12.44 | 20.99
Pitch 30.08 | 21.17 19.76 13.78 19.17 13.21 | 15.10
Surge | 26.85 | 34.71 33.75 15.50 24.21 16.82 | 13.52
Sway | 33.09| 21.16 21.08 23.17 21.81 8.93 8.33
Roll 3399 | 16.12 24.63 19.37 21.62 16.60 | 12.07
Yaw 30.67 | 23.26 31.55 20.10 15.97 7.32 10.37
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Table G13. Percent Difference for motion, force and moment amplitudes for HOPE, Test
condition: 16.5 meter separation, 180 degree wave heading, and 16 knots ship spced.

Amplitude Percent Differences for HOPE
FD-

MVS | MVTDS | Waveload AQWA | ShipMo3D | LAMP | AEGIR
Heave | 4940 | 86.38 9.20 5.19 5.84 3.81 2.69
Pitch [ 104.43 | 177.82 6.68 8.17 4.17 8.86 6.36
Surge | 72.42 | 129.23 22.59 31.59 23.14 26.47 | 28.71
Sway | 271.75 | 514.22 81.13 80.79 75.96 26.22 | 23.42
Roll 4115 | 97.52 20.81 26.88 189.73 2166 | 18.29
Yaw 302.74 | 541.74 18.65 22.42 138.81 13.45 | 9.29

Table G14. Percent Difference for motion, force and moment amplitudes for BOBO,
Test condition: 16.5 meter separation, 180 degree wave heading, and 16 knots ship speed.

Amplitude Percent Differences for BOBO
FD-

MVS | MVTDS | Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 31.16 93.97 13.89 12.38 15.54 12.12 9.86
Pitch 121.40 | 192.16 16.59 13.55 16.72 4.41 11.06
Surge | 130.10 | 141.64 30.56 46.27 37.37 4562 | 53.30
Sway | 321.25 | 602.06 65.68 66.46 63.11 20.23 | 19.06
Roll 154.83 | 258.64 21.75 23.82 168.33 26.44 | 22.30
Yaw 107.08 | 163.16 31.76 33.16 208.71 17.12 | 13.08

Table G15. Percent Difference for motion, force and moment phases for HOPE, Test
condition: 16.5 meter separation, 180 degree wave heading, and 16 knots ship speed.

Phase Percent Differences for HOPE

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 23.43 21.37 16.68 11.44 12.31 14.32 | 18.03
Pitch 26.29 27.58 23.25 10.92 18.75 28.42 | 28.75
Surge | 27.85| 26.92 25.41 24.53 17.69 22.48 | 27.07
Sway | 2510 | 18.50 32.41 22.22 10.79 35.56 | 34.20
Roll 28.04 | 17.42 27.03 20.21 30.83 25.00 | 30.26
Yaw 27.84 | 20.62 30.70 27.94 27.64 38.00 | 41.81

Table G16. Percent Difference for motion, force and moment phases for BOBO, Test
condition: 16.5 meter scparation, 180 degree wave heading, and 16 knots ship specd.

Phase Percent Differences for BOBO

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 27.28 | 15.43 8.57 14.45 11.53 7.86 10.76
Pitch 25.10 | 30.90 16.81 1731 16.67 14.35 | 14.55
Surge | 27.09 | 21.04 41.12 12.86 31.48 11.04 9.94
Sway | 27.78 | 20.31 29.32 18.76 21.25 3589 | 41.93
Roll 30.36 | 30.27 21.46 26.50 25.32 38.43 | 35.70
Yaw 2227 | 26.87 21.09 29.24 30.28 40.64 | 43.87
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Table G17. Percent Difference for motion, foree and moment amplitudes for HOPE, Test
condition: 33 meter separation, 120 degree wave heading, and 16 knots ship speed.

Amplitude Percent Differences for HOPE
MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 23.82 | 41.30 23.65 8.17 11.82 7.85 9.36
Pitch | 17.04 | 30.43 46.05 20.55 9.50 7.01 6.25
Surge | 3542 | 63.54 22.06 27 .48 36.55 57.56 | 53.75
Sway |43.46 | 26.84 22.34 20.29 45.82 25.56 | 26.54
Roll 18.37 | 26.17 20.06 13.81 151.93 13.93 | 16.79
Yaw 7.68 | 1647 45.14 43.14 54.36 9.54 | 11.29

Table G18. Percent Differcnce for motion, force and moment amplitudes for BOBO,
Test eondition: 33 meter separation, 120 degree wave heading, and 16 knots ship speed.

Amplitude Percent Differences for BOBO

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 29.00 | 31.63 37.56 9.85 6.16 12.44 | 12.29
Pitch | 15.94 | 26.11 81.18 27.44 18.51 4.63 3.40
Surge | 41.29 | 57.99 24 47 28.06 31.72 36.72 | 43.03
Sway | 48.10 | 50.08 48.09 49.78 47.34 15.25 | 17.09
Roll 18.59 | 14.04 33.83 45.94 203.21 2113 | 2554
Yaw 2347 | 30.84 63.97 67.00 173.48 13.66 | 12.33

Table G19. Percent Difterence for motion, torce and moment phases for HOPE, Test
condition: 33 meter scparation, 120 degree wave heading, and 16 knots ship spced.

Phase Percent Differences for HOPE

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 39.38 | 22.09 8.86 11.20 11.99 3.35 2.22
Pitch 14.30 | 30.98 9.05 5.47 495 6.88 4.00
Surge | 28.56 | 22.59 30.72 14.78 22.96 14.09 | 13.28
Sway | 30.29 | 19.38 31.88 16.54 32.18 6.92 962
Roll 18.32 | 34.84 33.29 15.90 22.96 2.64 4.79
Yaw 28.12 | 29.41 41.04 9.26 18.01 3.62 3.73

Table G20. Pereent Differcnce for motion, force and moment phases for BOBO, Test
condition: 33 mctcr separation, 120 degree wave heading, and 16 knots ship spced.

Phase Percent Differences for BOBO

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 27.03 | 18.25 24 .51 7.52 13.24 3:22 3.07
Pitch | 21.09 | 16.72 31.51 6.78 8.56 5.04 8.21
Surge | 33.58 | 28.73 26.26 9.80 34.44 11.69 | 13.43
Sway | 18.19 | 26.16 37.49 20.46 22.87 9.43 6.73
Roll 2235 | 18.64 29.41 14.92 18.15 7.32 5.20
Yaw 2463 | 29.15 29.22 12.39 27.82 213 3.74
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Table G21. Percent Difference for motion, force and moment amplitudes for HOPE, Test
condition: 33 meter separation, 150 degree wave heading, and 16 knots ship speed.

Amplitude Percent Differences for HOPE

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 17.22 | 23.25 9.22 4.76 8.15 2.93 5.96
Pitch | 24.19 | 24.70 16.87 11.64 9.82 3.76 3.80
Surge 122.96 | 27.36 39.15 38.48 24.24 40.85 | 37.42
Sway | 27.67 | 36.01 26.00 27.29 33.32 21.88 | 19.46
Roll 4292 | 2893 34.09 27.43 105.34 19.69 | 24.22
Yaw 58.69 | 38.14 70.51 62.08 114.55 10.31 | 6.48

Table G22. Percent Difference for motion, force and moment amplitudes for BOBO,
Test condition: 33 meter separation, 150 degree wave heading, and 16 knots ship speed.

Amplitude Percent Differences for BOBO

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 31.62 | 27.80 17.66 9.90 10.60 10.03 | 6.98
Pitch | 26.22 | 28.55 2713 18.49 13.35 8.89 6.88
Surge | 63.47 | 52.40 48.01 61.22 33.05 54.59 | 60.15
Sway | 3257 | 2343 25.85 31.95 13.17 17.10 | 19.00
Roll 20.12 | 24.45 33.25 47.13 136.97 22.14 | 22.07
Yaw 78.02 | 91.17 116.62 102.06 | 222.92 9.02 | 11.79

Table G23. Percent Difference for motion, force and moment phases for HOPE, Test
condition: 33 meter separation, 150 degree wave heading, and 16 knots ship speed.

Phase Percent Differences for HOPE

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 7.71 24 .80 17.55 12.92 14.77 12.78 9.15
Pitch | 20.95| 38.45 9.36 6.84 7.92 1214 | 513
Surge | 30.95 | 25.42 27.77 20.28 21.44 11.41 | 14.79
Sway | 2790 | 25.61 24.78 29.63 3375 1148 | 1542
Roll 2163 | 20.58 27.93 27.03 23.19 9.98 13.00
Yaw 2098 | 24.13 35.26 11.37 29.81 5.60 10.99

Table G24. Percent Difference for motion, force and moment phases for BOBO, Test
condition: 33 meter separation, 150 degree wave heading, and 16 knots ship speed.

Phase Percent Differences for BOBO
MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 28.30 | 30.46 25.42 8.22 17.08 5.62 5.36
Pitch 22.68 | 24.56 17.30 8.23 8.80 10.71 13.81
Surge | 22.52 | 31.79 2547 13.89 37.87 13.29 | 18.11
Sway | 27.64 | 23.50 24.05 18.10 18.43 20.36 9.96
Roll 3099 | 32.37 23.28 13.66 17.08 8.19 7.99
Yaw 32.99 | 28.86 18.07 14.85 27.08 4.05 4 .52
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Table G25. Percent Difference for motion, force and moment amplitudes for HOPE, Test
condition: 33 meter scparation, 180 dcgree wave heading, and 16 knots ship specd.

Amplitude Percent Differences for HOPE

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 4.51 4.34 8.49 5.81 5.96 3.86 4.96
Pitch | 13.71 | 10.64 497 7.06 4.29 3.95 4.04
Surge | 11.22 | 2474 30.02 32.63 17.60 38.18 | 33.96
Sway | 4793 | 47.64 36.21 36.98 43.57 2498 | 23.85
Roll 2411 | 22.50 14.15 12.32 85.98 12.48 | 16.76
Yaw 16.25 | 16.43 15.10 15:59 139.88 6.81 7.74

Table G26. Pcrcent Difference for motion, force and moment amplitudes for BOBO,
Test condition: 33 meter separation, 180 degree wave heading, and 16 knots ship speced.

Amplitude Percent Differences for BOBO

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 8.08 10.19 10.26 9.1 12.26 5.41 7.16
Pitch | 20.07 | 20.15 6.88 6.47 6.03 3.41 8.55
Surge | 27.23 | 29.34 56.89 48.62 17.83 46.19 | 55.07
Sway | 33.67 | 33.28 24.04 29.63 33.32 21.15 | 18.27
Roll 19.95 | 19.38 13.80 20.08 143.35 17.28 | 19.35
Yaw 17.26 | 18.00 29.80 21.62 238.65 8.92 7.55

Table G27. Percent Diftercnce for motion, force and moment phases tor HOPE, Test
condition: 33 meter separation, 180 degree wave heading, and 16 knots ship speed.

Phase Percent Differences for HOPE

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave { 28.08 | 30.21 19.95 11.93 9.72 3.57 4.83
Pitch 131.20 | 38.81 19.84 15.13 18.24 9.54 8.89
Surge | 18.44 | 25.49 24.62 20.95 24.03 11.18 | 15.46
Sway | 22.01| 23.11 32.24 17.03 24.44 3154 | 41.24
Roll 2551 | 28.08 33.52 17.81 26.44 27.28 | 28.90
Yaw 27.82 | 29.50 18.94 21.65 34.35 39.56 | 43.21

Table G28. Percent Difference for motion, force and moment phases tor BOBO, Test
condition: 33 meter separation, 180 degree wave heading, and 16 knots ship speed.

Phase Percent Differences for BOBO

MVS | MVTDS | FD-Waveload | AQWA | ShipMo3D | LAMP | AEGIR
Heave | 20.53 17.40 10.95 14.81 12.22 11.26 6.73
Pitch | 28.08 | 30.91 17.04 12.72 15.88 14.85 | 14.81
Surge | 23.77 | 23.48 39.72 9.75 35.88 10.44 | 10.81
Sway [29.13 | 29.10 23.00 25.45 31.94 3799 | 44.14
Roll 27.51 | 24.10 23.17 28.78 31.99 40.00 | 43.77
Yaw 2111 | 32.26 23.89 25.91 30.51 32.32 | 37.33
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